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ABSTRACT 

Employing high resolution spectra obtained with the near-UV sensitive detector on the Keck I 
HIRES, supplemented by data obtained with the McDonald Observatory 2-d coude, we have performed 
a comprehensive chemical composition analysis of the bright r-process-rich metal-poor red giant star 
HD 221170. Analysis of 57 individual neutral and ionized species yielded abundances for a total of 
46 elements and significant upper limits for an additional five. Model stellar atmosphere parameters 
were derived with the aid of ~200 Fe-peak transitions. From more than 350 transitions of 35 neutron- 
capture {Z > 30) species, abundances for 30 neutron-capture elements and upper limits for three others 
were derived. Utilizing 36 transitions of La, 16 of Eu, and seven of Th, we derive ratios of log e(Th/La) 
= —0.73 {a = 0.06) and log e(Th/Eu) = —0.60 (ct = 0.05), values in excellent agreement with those 
previously derived for other r-process-rich metal-poor stars such as CS 22892-052, BD4-17°3248, and 
HD 115444. Based upon the Th/Eu chronometer, the inferred age is 11.7 ± 2.8 Gyr. The abundance 
distribution of the heavier neutron-capture elements {Z > 56) is fit well by the predicted scaled solar 
system r-process abundances, as also seen in other r-process-rich stars. Unlike other r-process-rich 
stars, however, we find that the abundances of the lighter neutron-capture elements (37 < Z < 56) 
in HD 221170 are also statistically in better agreement with the abundances predicted for the scaled 
solar r-process pattern. 

Subject headings: nuclear reactions, nucleosynthesis, abundances - Galaxy: evolution - Galaxy: abun- 
dances - stars: abundances - stars: Population II - stars: individual (HD 221170) 



1. INTRODUCTION 

The bulk of the neutron-capture (n-capture) elements 
beyond the iron group are created by some combina- 
tion of the slow and rapid neutron-capture nucleosyn- 
thesis processes (s- and r-process), with each respon- 
sible for approximately half of the isotopes. In the r- 
process, both the neutron density and neutron flux are 
high. Neutron-rich sites associated with massive star 
core collapse supernovae (SNell) are the likeliest sites 
for the r-process (see e.g., Cowan & Thielemann, 2004 
and references therein), although the astrophysical site 

*SOME OF THE DATA PRESENTED HEREIN WERE OB- 
TAINED AT THE W. M. KECK OBSERVATORY, WHICH IS 
OPERATED AS A SCIENTIFIC PARTNERSHIP AMONG THE 
CALIFORNIA INSTITUTE OF TECHNOLOGY, UNIVERSITY 
OF CALIFORNIA, AND NASA, AND WAS MADE POSSI- 
BLE BY THE FINANCIAL SUPPORT OF THE W. M. KECK 
FOUNDATION. THIS PAPER INCLUDES DATA TAKEN AT 
THE MCDONALD OBSERVATORY OF THE UNIVERSITY OF 
TEXAS AT AUSTIN. 

^ The Observatories of the Carnegie Institution of Washington, 
813 Santa Barbara St., Pasadena, CA 91101; iii@ociw.edu 

^ Princeton University Observatory, Peyton Hall, Princeton, NJ 
08544 

** Carnegie-Princeton Fellow 

^ Dept. of Astronomy, The University of Texas, Austin, TX 
78712; iensini@astro.as.utexas.edu, chris@verdi.as.utexas.edu 

" Dept. of Physics, University of Wisconsin, Madison, WI 53706; 
jelawler@. wisc.edu 

''' Homer L. Dodge Dept. of Physics and Astronomy, University 
of Oklahoma, Norman, OK 73019; cowan@nhn.ou.edu 

* Dipartimento di Fisica Generale, Universita' di Torino, 
Via P. Giuria 1, 10125 Torino, Italy; gallino@ph.unito.it, bis- 
terzo@ph.unito.it 

^ Centre for Stellar and Planetary Astrophysics, School of Math- 
ematical Sciences, P.O. Box 28M, Monash University, Victoria 3800 
Australia 



of the r-process has yet to be identified. Possible sites 
for the r-process include: supernovae winds/hot bub- 
bles (see e.g., Hoffman, Woosley, & Qian 1997; Tera- 
sawa et al. 2002; Wanajo et al. 2002; Kohri, Narayan, 
& Piran 2005; and references therein); disks and jets 
{e.g., Cameron 2003 and references therein); neutron 
star mergers {e.g., Freiburghaus, Rosswog, & Thiele- 
mann 1999; Rosswog et al. 1999; and references therein 
but also see Argast et al. 2004 for a contrasting view) 
and/or neutron star formation during accretion induced 
collapse {e.g., Wheeler, Cowan & Hillebrant 1998; Cohen 
et al. 2003; Qian & Wasserburg 2003). 

Among the isotopes formed in the r-process are the 
radioactive group of elements known as the actinides, 
which include isotopes of Th and U. Due to their known 
radioactive decay rates, the abundances of Th (and U) 
in low-metallicity stars have been employed to derive 
the ages of presumably some of the oldest stars in the 
Galaxy, thereby setting a minimum for the age of the 
Universe. Critical assumptions in the analysis of the 
observations are that the production ratios of the ele- 
ments are known, and that the elements under inves- 
tigation arise from the same nucleosynthetic site. Fol- 
lowing earlier work on th e derivation of T h abundance s 
and/or Th-based ages bv lButched lll987D.lPagelHl989l) . 
and Frangois, Spite & Spite (1993V'Sneden et all l(T996h 
derived the first Th/Eu-bascd nuclcocosmochronometric 
age for a very metal-poor star: CS 22892-052, whose 
extreme r- process abundance enha ncements were dis- 
covered bv iMc William et alJ l) 19951) . This was followed 
soon after by other Th/Eu-bascd age determinations of 
very metal-poor stars by Pfeiffer. Kratz, & Thiclcmanr 
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iJohnson fc Bolt^ l|200H) . and lHill et all pOOl . In most 
of these studies, the use of Th/Eu cosmochronome- 
try has yielded consistent results {e.g., CS 22892-052, 
HD 115444, and BD+17°3 248). A weak U d etection 
was made in BD+17°3248 (Cowan ct al. 2002) a nd an 
upper limit w as derived for CS 22892-052 (Sncdcn et al.l 
l2000al I2003J) . permitting lower limits to be placed on 
ages inferred by the Th/U ratio, which turn out to be 
in accord with those derived from Th/Eu cosmochronol- 
ogy. However, in the case of CS 31082-001, for which 
the first U abundance determinat ion w as made in an ul- 

in i2n01[) . the age inferred 



tra metal-poor star l|Cavrel 
from Th/Eu is found to be significa ntly different from 
that inferred from Th/U l|Hill et all 2002). Discrepant 
age results have also been reported for HD 221170 by 
lYushchcnk o ct al. (2005) employing the abundances they 
derived for Th/U and Th/Eu. 

The fundamental assumption built into the technique 
of applying these abundances to derive ages via nucleo- 
cosmochemistry is that the elements are created in the 
same processes, i.e. the same nucleosynthetic sites, and 
track the contributions of that process through Galactic 
chemical evolution, i.e. a production ratio can be spec- 
ified. There is no doubt that all of the Th and U is 
produced in the r-process: the termination point of the 
s-process occurs at ^"^Bi. Isotopes heavier than -^"^Bi de- 
cay too quickly to be built by the s-process. And, Eu is 
predominantly an r-process ele ment - over 90 % of the so- 
lar Eu was produced this wav (lAnders fc C: 
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Kanneler. B eer fc Wisshak' '1989': Arlandini ct al. Il999[ 
Burris et a l. 2000; Simmcrcr ct al. 2004; Travagli o et al.l 
2004() . However, Th lies 29 atomic mass units away 
from Eu. It has been argued that the production of 
the actinide elements may not be known sufficiently 
well to trust their use as nucleocosmochronometers (see 
e.g., Arnould fc Goriely 2001, and references therein). 
Certainly, with lighter n-capture isotopes, there is evi- 
dence that multiple r-process sites or sources have con- 
tributed to the total abundance in both the Sun and 
in metal-poor stars. While at low metallicities the ob- 
served abundances of r-process-rich stars in the atomic 
range of Z > 56 are in good agr eement with the predicted 
scaled solar r-]Drocess patterns ()Sneden et alJ[l993 . 119981: 
the abundances of the lighter n- 
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capture elements are not llSneden et al.l l2000! 
thermore, based on studies of the inferred abundances 
of short-lived isotopes in the early solar system, multi- 
ple sites or sources have been required to explain the 
early solar system abundances of both light and heavy 
isotopes normally considered to be of primary r-process 
origin (see e.g., Cameron, Thielemann, fc Cowan 1993; 
Wasserburg, Busso, fc Gallino 1996; Meyer fc Clayton 
2000). 

In the Sun, the abundances are the integrated result 
of many generations of stars, including millions of SNell, 
and depend upon the details of the star formation history, 
initial mass function, chemical yields, etc. However, the 
heavy element abundances most useful for unravelling 
the origins of the r-process correspond to those observed 
in stars which formed from material with little prior nu- 
cleosynthetic processing, such as the relatively pristine 
material out of which extremely metal-poor stars were 
born. To further explore the n-capture elemental abun- 
dances in r-process-rich stars, we observed the bright {V 



— 7.7) metal-poor red giant branch star HD 221170. 

HD 221170 has been the subject of over forty years 
of spectroscopic studies (e.g., see the comprehensive 
listing compiled by Go pka et al. 2004; their Table 
1). As first noted by [ffiallcrstein et al." (1963), the 
star is metal-deficient. Recent estimates of the nietal- 
hcity range -2.20 < [Fe/H]^ < -1.96. Included i n 
the n-capture abundance study bv iGilrov et alJ l)1988j) . 
HD 221170 has long been recognized as an r-process- 
rich star and has often been utilized as a template 

metal-poor star observation in oth er progra ms, in- 

cluding those of iBurris et all Emj). iFulbrightl (J2000), 
'Mishenin a fc Kovtvukhl J2(J01D. iMishenina et all J2002.) . 
Yushchcn ko et alJ 120*0^ . iSimmerer et all ( )2004|) . and 
Bar klem et al.l ()200 5'). In this paper, we describe our 
observations and analysis and compare our results with 
previous observations, with scaled solar r-process pre- 
dictions, and with other r-process-rich stars, concluding 
with discussions regarding the nucleocosmochronometric 
age of HD 221170 and r-process sites. 

2. OBSERVATIONS AND REDUCTIONS 

We gathered new high resolution, high signal-to-noise 
(S/N) spectra of HD 221170 with the High Resolution 
Echelle Spectrometer (HIRES; Vogt et al. 1994) on the 
Keck I telescope at the W. M. Keck O bservatory and w ith 
the "2d-coude" echelle spectrograph (TuU ct al. 1995) on 
the 2.7-m H. J. Smith telescope at McDonald Observa- 
tory. 

We observed HD 221170 with HIRES at Keck I us- 
ing a blue configuration (HIRESb) and the new 3-chip 
mosaic of MIT-L L CCDs. Using t he same setup as 
that described in llvans et al.l l)2005tl . we obtained es- 
sentially continuous wavelength coverage in the range 
^^3050 < A < 5895 A and a resolving power of _R = 
A/AA ~ 40,000. Spectra of the hot rapidly rotating 
star S Cet aided in the division of telluric features in 
the reddest wavelengths, and also served as a check on 
the data reduction of the bluest orders of the spectrum 
of HD 221170. Four exposures of HD 221170 were taken 
to attain a co-added S/N of 85:1 per resolution element 
at A3200A, increasing redwards, to ~120 at A3520A, 
~140 at A3900 A, -260 at A5100 A, and ~290 at A5900 A. 
Data reduction was performed using standard tasks in 
IRAF^° including bias subtraction, bad pixel interpola- 
tion, wavelength calibration, and co-addition of the one- 
dimensional spectra; in FIGARO ^^ including flat field- 
ing, light cosmic ray excision, sky and scattered light 
subtraction, and extract ion of the one-dimensional s pec- 
tra; and in SPECTRE l|Fitzpatrick fc SnedenllT987|) for 
final processing including continuum normalization and 
telluric feature division. 

As part of the Simmer er et alJ ()2004|) survey of La 
and Eu abundances over a large metallicity range, data 
for HD 221170 were also gathered with the McDonald 

^ We adopt the usual spectroscopic notation tliat for ele- 
ments A and B, log e(A) = logio(NA/NH) + 12.0, and [A/B] 
EE logio(NA/NB)* - logio(NA/NB)0. e.g., (Nho/Nf^)* = 
5x(NHo/NFe)0 ^ [Ho/Fe] = +0.7. Also, metallicity in our dis- 
cussions refers to the normalized iron abundance, the stellar [Fe/H] 
value. 

1" IRAF is distributed by NOAO, which is operated by AURA, 
under cooperative agreement with the NSF. 

^^ FIGARO is provided by the Star link Project which is run by 
CCLRC on behalf of PPARC (UK). 
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Observatory 2d-coude echelle spectrograph in the wave- 
length range 3800 A < A < 7800 A. The spectrum is 
continuous in the range A < 5800 A, with some losses to 
order interstices at redder wavelengths. We also acquired 
a spectrum of the hot, rapidly rotating star ^ Aql for use 
in cancelling the yellow and red telluric features of O2 
and H2O. The spectrograph set-up yielded R ~ 60,000. 
Data reduction was performed using standard tasks in 
IRAF and SPECTRE. We refer the reader to Simmerer 
et al. (their § 2) for further details regarding the spec- 
trograph set-up and data reduction of the 2d-coude ob- 
servations. The co-added reduced 2d-coude spectra have 
S/N > 260 for A > 5900 A, and this declines steadily to 
levels of 80 at A = 4000 A. 

In Figure ^ we display selected spectrum swaths for 
our data sets in overlapping spectral regions. Two of 
us independently reduced the Keck and McDonald spec- 
tra, employing different methods and completely differ- 
ent software for the removal of scattered light and cosmic 
ray contributions. The resulting spectra are in excellent 
agreement. The selected features in this figure are the 
same as those displayed by Yushchenko et al. (2002, their 
Figure 2; and 2005, their Figures 1-4). Their 2005 inves- 
tigation is based on high S/N, R ~ 45,000 data gathered 
at the 2.0-m Zeiss telescope at the Peak Terskol Observa- 
tory with the coude echelle spectrometer ( Musaev et al.l 
^99), and should be comparable to our Keck spectrum. 
However, the appearance of our spectra do not com- 
pare favourably with those displayed in the Yushchenko 
et al. study. Neither do our Keck and McDonald data 
sets match well the spectrum displayed in the study by 
iGopka et al.l l)2004fl . who based their investigation on 
previously acquired Peak Terskol data as well as high 
S/N, R ~ 60, 000 data gathered with the_E LODIE echelle 
spectrograph llSoubiran. Katz fc Cavr eri998) on the 1.9- 
m telescope of the Observatoire de Hau te Provence. In 
addition, Figure 1 of Gopk a et al.l l|2004D shows that the 
Peak Terskol and ELODIE data appear to be in less than 
good agreement with each other. However, all data sets 
in this discussion are purportedly of high (100-250) S/N; 
the cause of the mismatches is unclear. 

Carney et al. (2003; their Table 4) find that HD 221170 
has possessed a constant radial velocity during the 14 
years spanned by their observing programme. This star 
does not appear to have a companion. The four data 
sets under discussion here were gathered over a num- 
ber of years, with those of this study taken more than 
three years apart (ELODIE, prior to 1998; McDonald, 
July 2001; Peak Terskol, June 2002; and Keck, Octo- 
ber 2004). It is highly unlikely that the data belong to 
a variable star. We do not have an explanation for ei- 
ther (i) the differen ce between the appearance of the two 
IjGopka et al.ll200^ data sets; or (ii) the difference be- 
tween the Gopka et al. /Yushchenko et al. data sets and 
the spectra employed in this study. Further comments 
on these differences will be given in § 5. 

3. ANALYSIS 

Our abundance analysis relied on the results of a com- 
bination of spectrum syntheses and equivalent width 
(EW) analyses. We rehed on the Keck HIRESb data 
for wavelengths in the range ~3050 < A < 5895 A, and 
on the McDonald 2d-coude data for redder wavelengths. 
In overlapping wavelength regions, both data sets were 
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Fig. 1. — Examples of the reduced spectra taken with the Keck 
HIRESb (blue histogram) and McDonald 2d-coude spectrographs 
(red crosses) for a sample of the wavelength regions displayed by 
Yushchenko et al. (2002, their Figure 2; and 2005, their Figures 
1-4): Th II at 4019.13 A; Pb I at 4057.81 A; Hf II at 4093.16 A; 
and Th II at 4094.75 A. 



checked in the analyses of particularly weak or noisy fea- 
tures. For each spectral order, the continuum was set by 
interactively fitting a spline function to line-free spectral 
regions. Locating the continuum was aided by comparing 
the spectra of our progr am stars with that of the Arc- 
turus atlas l)Griffinlll968l) . as well as spectrum syntheses. 
The following sub-sections describe the linelists we used, 
the measurements we performed, the solar abundances 
we adopted, the methods we employed, and the stellar 
parameters and abundances we derived in this study. 

3.1. Equivalent Width Measurements 

In Table lAll we list relevant data for all of the tran- 
sitions employed in this study. The elements are listed 
in order of atomic number {Z), and for each element, 
the values for neutral species precede those of the ion- 
ized ones, and are otherwise listed in order of increasing 
wavelength. 

Parameters for the individual transitions (A, x, log 5/, 
and EW) are presented in Columns 2-5. The EWs were 
measured with SPECTRE, using either direct integra- 
tion of the flux across an observed line profile, or adopt- 
ing a Gaussian approximation (for all but the strongest 
lines, for which Voigt profile fits were employed). Most 
of the EW measurements are of neutral iron lines with 
atomic parameters adopted from O'Brian et al. (1991). 
Supplementing these lines are features we have employed 
in other high resolution abundance studies of globu- 
lar cluster red giant stars {e.g., Ivans et al. 2001; Sne- 
den et al. 2004; Johnson, Ivans & Stetson 2005), r- 
process-enriched metal-poor stars such as BD-|-17°3248 
and CS 22892-052 {e.g., Cowan et al. 2002; Sneden et 
al. 2003), and other field stars with metallicities com- 
parable to that of HD 221170 {e.g., Ivans et al. 2003), 
supplemented by recent laboratory results (eg., Nilsson 
et al. 2005). Additional notes regarding specific elements 
are discussed further in S 13.31 

In Figure |21 we compare the EWs measured in the 
Keck HIRESb and McDonald 2d-coude data sets. As il- 
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Fig. 2. — Comparisons of EWs for lines in common between 
the data sets discussed in § 2. Panel (a) overlapping orders within 
the Keck and McDonald data sets (blue + and red Q, respec- 
tively) ; (b) lines in common in the Keck and McDonald data sets; 
(c) independently measured McDonald EWs (black +) and Lick 
EWs I Fulbrijjht 2000) (green D) ver s us Ke ck EWs; panel (d) lines 
in common with lYushchenko et al.1 120051) . colour-coded by A < 
5550 A (in blue v) or > 5550 A (in red A). In all panels, we 
show the values of the slope (m) and zero point shifts (6) of the 
regressions (where the solid line represents a one-to-one relation), 
along with the mean differences (A) and standard deviations of the 
measurements (a). The values were derived employing all EWs in 
common; the panel displays are restricted to EWs < 150 mA. 



lustrated (as well as quantitatively described in this fig- 
ure), the data reduction and EW measurements in this 
study appear to have been performed consistently. For 
instance, in panel (a), considering the Keck and McDon- 
ald spectra independently, we show comparisons between 
EWs of the same lines appearing on adjacent echelle or- 
ders that overlap in wavelength {i.e., the EW from the 
bluer order is compared against the EW obtained in 
the redder order). In panel (b), EWs of lines in com- 
mon between the Keck and McDonald spectra measured 
by the same person are compared. In panel (c), our 
Keck HIRES EWs are compare d with indep endently- 
measured McDonal d 2d-coud e llSimmerer e t al. 2004) 
and Lick Hamilton l|FulbriEfhtl 12000) EWs. These three 
panels demonstrate the accuracy of our EWs both in- 
ternally and externally, despite the numerous differences 
in spectrographs, data reduction and measurement tools, 
and techniques employed by three independent observers. 
However, the same cannot be said of the data of panel 
(d), showing an EW comparison between this study and 
that of Yushchenko et al. (2005; their Table 1). The EW 
differences are large, and also appear to be wavelength- 
dependent: they are largest in the blue wavelength re- 
gions where most of the n-capture features are to be 
found. We are unable to expla in the EW differences be- 
tween lYushchenko et all l)2005|) and either (i) our study 
or (ii) an independent set of EWs measured from data 
acquir ed with the Lick Hamilton echelle spectrograph 
l|Fulbr ieht 2000). Further comments on these differences 
will be given in § 5. 

3.2. Stellar Atmosphere Model and Parameters 



W e employed stellar atmos pheres without overshoot- 
ing IjCastelli fc Kuruc3 I2004D . using a modified inter- 
polation code supphed by A. McWiUiam (2001, pri- 
vate communication). We performed the abundance 
calculations with a current ver sion of the LTE stel- 
lar line analysis code, MOOG IjSnedenl !:1973) . Initial 
stellar parameters were determined employing photom- 
etry from SIMBAD and the Two Micron All Sky Sur- 
vey (2MASS); the extensions of the colour- Tes calibra- 
tions of lAJonso. Arribas. fc Martii^ (|199(1 119991) by 
iRamirez fc Melended l|2005j) . using a software program 
supplied by I. Ramirez (2005, private communication); 
the value of E(B—V) = 0.14 from the dust m ap cali- 
brations of iSchlegel. Finkbeiner. fc DavisI l)1998D : and_a 
paral lax of 2.30 ± 0.84, as measured by Hipparcos IJESAI 
[ipTi). 

Utilizing the EW measurements presented in Table IXTl 
we then iterated on the Fe abundances to eliminate abun- 
dance trends with respect to the excitation potentials 
(setting Teff; e.g., see Kraft fc Ivans 2003), EWs (set- 
ting the microturbulent velocity, ^t), and ionization state 
(setting log g). The initial Tcs value of 4610 K presented 
abundance trends with the values of the excitation po- 
tentials of the lines, indicating that the photometric Teff 
was too warm. This is likely a result of too high a value 
for E{B-V); in contrast, the iBurstein fc HeilesI 1)19821) 
value is less than half that of Schlegel et al. 

Employing spectroscopic constraints, we derived 
final parameter values of Toff /log (7/^t/[Fe/H] — 
4510/1. 00/1.8/-2. 19. Since the predicted range of 
E{B—V) is so large (0.06-0.14 dex, with a mean of 
0.1), we are satisfied with the E{B-V) = 0.095 im- 
plied by the stellar parameters we derived by the spec- 
troscopic constraints, which are independent of the pho- 
tometry. This reddening value, combined with an as- 
sumed stellar mass of 0.8 M© and the log 5-value we 
derived, yields a spectroscopically derived distance of 
675 parsecs, on the far side but within the parallax er- 
rors of the Hipparcos measurement. Our derived pa- 
rameters are also within the range of stellar parame- 
ters employed in previous CCD-based studies as listed 
in Gopka et al. (2004; their Table 1: 4410 < Teff < 
4686 K; 0.75 < log 3 < 1.57; 1.5 < 6 < 2.7 km s'^; 
and —2.19 < [Fe/H] < —1.79). Using spect roscopic con- 
strain ts similar to those we employed, the iCooka et alJ 
l|2004() study derived valu es of Tltr /log o/f f / [ Fe/H] = 

2005tl remea- 



4475/1.0/1. 7/-2.03. Yus hchenko et all 1 
sured the iron abundance, and used the parameters 
4475/1.0/1.7/— 2. 09 in their analysis, parameters in good 
agreement with the values we have derived. 

Our adopte d so lar abundances for each element are 
listed in Table lAll preceding the transition information. 
With the exception of iron and some n-capture elements, 
our analysis relies on the solar photospheric (where re- 
liable) or meteoritic abundances from the critical com- 
pilation of lAnders fc Grevessel 1)19891 ). As in previous 
studies by our group, we adopt log e(Fe) = 7.52, a value 
close to that recommended by Grevesse & Sauval (1998; 
log e(Fe) = 7.50). We refer the reader to discussions 
by Sneden et al. (1991b); Ryan, Norris & Beers (1996); 
and .McWiUiam. (,1997.) , where some of the alternative 
solar iron abundance choices are summarized. In the el- 
ement range oi 57 < Z < 67, the solar abundances for 
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six of the elements have been recently redetermined, em- 
ploying new and improved laboratory measurements of 
atomic parameters, and we adopt those solar abundances 
in this study (La - Lawler et al. 2001a; Nd - Den Hartog 
et al. 2003; Sm - Lawler et al. 2005; Eu - Lawler et al. 
2001c; Tb - Lawler et al. 2001b, and Ho - Lawler et al. 
2004). 

3.3. Abundance Analysis Methodology 

HD 221170 is a cool star with a strong-lined spectrum. 
As such, it has revealed many more n-capture transi- 
tions than we have previously worked with in studies of 
r-process enriched metal-poor stars s uch as CS 22892-05 2 
(jSneden ct al. 2 003), BD+17 32i8 ijCowan et al.ll200l . 
and HD 115444 IjWestin et al]l200(]|) . For many elements 
in this study, we have significantly expanded the num- 
ber of transitions employed in our analysis. However, 
we have endeavoured to employ single-source and recent 
gf-values wherever possible in order to diminish the un- 
certainties involved by combining studies that may not 
be on the same gf-Yslue system. Happily, many of the 
n-capture element species detectable in metal-poor stars 
have been subjected to extensive laboratory investiga- 
tions within the past two decades. For most elements 
considered here, we have only employed g/- values deter- 
mined in these recent lab efforts. The exceptions will be 
noted below in § 13.41 Laboratory transition probabilities 
were adopted without change for the n-capture lines of 
interest in each line list. 

Abundances were derived from EW measurements for 
those transitions that we judged to be unblended and 
able to be modeled as single spectral features. The ex- 
ception to this rule was in our treatment of the clean 
and easily measured Sc and Mn lines of HD 221170, in 
which the features are broadened by hyperfine structure 
(HFS) splitting. HFS results from nucleon-electron spin 
interactions in odd-Z atoms, splitting absorption lines 
into multiple components. The multi-component struc- 
ture permits the line to grow to a greater strength before 
saturating. Without accounting properly for HFS, abun- 
dances quoted by other studies for elements sensitive to 
HFS can be severely over-estimated. For example, in 
HD 221170, including HFS makes a difference of 0.35 dex 
in the derived log e(Mn) abundance for the Mn i feature 
at 4030.76 A. For further discussion on the importance 
of including HFS, see e.g., Gratton 1989, McWiUiam et 
al. 1995, Ryan, Norris, & Beers 1996, and Prochaska & 
McWilliam 2000. In our analysis of Sc and Mn, we re- 
lied upon the extens ive HFS splitting lists produced by 
iKurucz fc Belli 1)19951) ^^ and our resulting linelist is given 
in Table EU 

Many of the n-capture features of interest also have 
HFS and/or multiple naturally-occurring isotopes with 
measured wavelength differences (AA > 0.01 A). Notes 
regarding whether HFS/isotopic splitting was accounted 
for in a given feature are presented in Column 8 of 
Table lAll Additionally, nearly all of the strongest n- 
capture transitions occur in the complex blue-UV spec- 
tral region (A < 4500 A), where blended features are the 
rule, not the exception. Therefore for more than half of 
the n-capture lines we employed full synthetic spectra in 



^^ The HF S lists are available 

|http://kurucz.harvard.edu/lineli5t5/gfhyperall/ 



at 



the analyses. In most cases a spectral region of 4-8 A sur- 
rounding each synthesized line was considered. As in our 
prior studies, we initially formed the line lists for the syn- 
thetic spectra from the neutral and first ionized atomic 
transitions w ith lowe r excitation potentials X < 7 eV 
found in the iKiirucd l|1998i^ atomic and molecular line 
database^'^. In spectral regions with significant molecular 
hydride and cyanogen absorption features, parameters 
for these lines also were taken from the Kurucz database, 
but for hydrides the lower excitation potential cutoff was 
X ~ 1.5 eV. These lines were occasionally supplemented 
by other transitions identified in the solar spectrum by 
Moore, Minnaert, & Hourgast (1966). In accord with 
our previous work on spectrum syntheses of n-capture 
elements, the transition probabilities of a few contam- 
inant lines in some spectral intervals were adjusted to 
provide best matche s to so lar/stellar spectra, employ- 
ing the IKurucz et alJ lll984D solar flux atlas, and th e so- 
lar model atmosphere of iHolweger fc Miilleil (^^. On 
rare occasions we added an arbitrarily-assumed Fe i line 
to account for weak contaminants in the wings of the 
spectral features of interest. 

We convolved the raw synthetic spectra generated from 
these line lists with Gaussian functions whose fuU-width- 
at-half-maximum (FWHM) values matched the observed 
spectra. We empirically determined a FWHMtotai of 
0.10-0.11 A at A w 4000 A, which is in accord with the 
expected value from the convolution of the known spec- 
trograph resolution and macroturbulent velocity. Then 
synthetic and observed spectra with varying abundances 
of the elements under scrutiny were iteratively compared 
until the best average abundance was found for each fea- 
ture. 

More than 350 transitions of 35 species have yielded 
abundances for 30 n-capture elements and significant up- 
per limits for three others. Well-determined abundances 
involving large numbers of transitions based on the best 
laboratory atomic data require little comment. In Fig- 
ure |31 we plot a histogram of the number of lines em- 
ployed for each n-capture species. Unsurprisingly, the 
peak of this distribution occurs for the rare earth ele- 
ments, whose first ions present many detectable transi- 
tions in the visible and near-UV spectral regions. 

3.4. Comments on Abundance Derivations of Individual 

Elements 

In this sub-section we concentrate on those species 
that deserve special attention, either to support our 
abundance claims or to provide some cautionary state- 
ments. Only brief notes will be given for most ele- 
ments. However, since the claimed significant departures 
of HD 221170 n-capture abundances from scaled solar- 
system values rest mainly on the elements Hf, Pb, and 
Th, they will receive more extended discussion. 

CNO group (Carbon: Z = 6; C i - Nitrogen: Z = 
7; N I - Oxygen: Z = 8; O l): Abundances of the 
CNO group provide clues to the nucleosynthetic his- 
tory of HD 221170. Additionally, the molecular species 
formed from these elements are important contribu- 
tors to the overall line absorption surrounding and 
blending with other features of interest in this study, 
such as Th. The C and N abundances here were de- 

^'^ Available at |http://kurucz. harvard. edu/| 
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Fig. 3. — The number of transitions used in determining the 
abundances of the n-capture elements. Blue stripes and red solids 
represent, respectively, neutral and first ionized species, as given 
in the figure legend. 



rived from the CH A^A - X^Il G-band and the CN 
5^2+ - X'^J:+ (0,0) vibrational band. We derive a car- 
bon isotope ratio of ^^C/^'^C = 7 ± 2, in agreement 
with [Yush chcnko et al. (20Qa), who noted their agree- 



ment with iSneden. Pilachowski. fc VandenBerd l)198€ 
Our oxygen abundances were derived from full synthetic 
spectrum computations of the AA6300, 6363 A [O i] 
lines. The construction of the linelists employed are 
as described by Sncden ct al. (1991b) and Westin et ay 
(|2000). 

Copper (Z = 29; Cu i): The copper abundance for 
HD 221170 was investigated employing the techniques 
and linelists employed in the extensive globular clus- 
ter giant star study of Simmcrcr et al. (2003). Unfor- 
tunately, the Cu feature at 5782 A could not be utilized 
here. The large radial velocity of HD 221170 shifts the 
5782 A feature into the well-known 5780 A diffuse in- 
terstellar band (see e.g., Herbig 1975). The small-scale 
structure of this broad band compromised our synthetic 
spectrum fit to the profile of the Cu i line, so we dropped 
it from further consideration. Our Cu abundance there- 
fore is derived exclusively from the spectrum synthesis 
match to the 5105 A feature, as displayed in Figure 01 

Rubidium (Z — 37; Rh i): Only the resonance line of 
Rb I at 7800.29 A is strong enough to attempt analysis in 
metal-poor stars. We adopted the g/-value recommended 
by Fuhr & Wicsc (2005). Our claimed detection of this 
very weak feature should be viewed with caution, as we 
do through the assignment of a large abundance uncer- 
tainty value. 

Strontium (Z = 38; Sr i, Sr ii): The resonance line 
of Sr I at 4607.3 A is detected and apparently suffers 
from little blendin g in the HD 221170 spect rum. Adopt- 
ing the 5/- value of .Miedalek fc Bavlislljl987|) . synthesis of 
this line yields an abundance about 0.4 dex lower than 
that determined from four lines of Sr II. This problem 
has been noted previousl y in stellar and sol a r spec tra. 
The reader is referred to IGratton fc SnedenI l)1994fl for 
further discussio n. Our adopted Sr 11 o f- values are those 
recommended by iFuhr fc Wiesd l)2005j) . 
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Fig. 4. — Observed and synthetic spectra of Cu I in HD 221170. 
The 6 A swaths shown here illustrate the typical match between 
both the Keck HIRESb (Q) and McDonald 2d-coude (+) spectra, 
and the syntheses obtained from the stellar and smoothing param- 
eters described in § 13.21 and 13.31 The A panels above each of the 
syntheses illustrate the differences to the respective fits. The inset 
illustrates a region 1 A wide surrounding the feature at 5105.5 A, 
as denoted by the dotted lines in the main panels. The solid lines 
represent synthetic spectra with variation only in the assumed Cu 
abundance. The black line shows the best fit between the synthetic 
and observed spectra. The red and blue lines show the change in 
the Cu I feature with changes of ±0.2 dex in assumed Cu abun- 
dance, respectively, and the green lines show the synthetic spec- 
trum without any Cu contribution. 



Yttrium (Z = 39; Yii): The initial analysis based 
on EW measurements yielded an unacceptably-large 
line-to-line abundance scatter. Therefore our final val- 
ues were derived from synthetic spectra, with full ac- 
counting of HFS in the Y li lines. The hype rfine con- 
stants were taken from iDinneen et al.l (I 1991D: Nilsson. 
Johansson, fc Kurucz ( 1991); iVillemoes et all (p392); 
iWan nstrom et alJ ()1994l) : and lPerssonI ()1997|) . The re- 
sulting 3-4 components to each line have only small 
wavelength differences (always <0.003 A), so changes 
to the derived Y abundances were less than or compa- 
rable to basic measurement uncertainties in our spec- 
tra. However, better estimation of blending features 
to the Y II features brought reasonable internal abun- 
dance agreement, a = 0.07, among the 16 lines of this 
study. All qf-valu es employed here are adopted from the 
iHannaford et alJ l|1982|) study. 

Zirconiu m, (Z = 40; Zr I, Zr ll): 

Yushchcnk o et all l|2005D detected Zr i transitions 



in HD 221170, the first time this species has been 
identified in v ery metal-poor stars. Employing the 
gf- values from iBiemont et al.l l)1981l) . we confirm the 
existence of the two lines Yushchcnko et al. found, 
add three more lines detectable on our spectra, and 
derive a mean Zr abundance (albeit with relatively large 
line-to-line scatter) that is in excellent agreement with 
the value determined from Zr ii. 

Niobium (Z = 41; Nb n): This abundance has been de- 
rived from a single detectable line, which unfortunately 
lies in a crowded near-UV spectral region where also 
the stellar flux is relatively low. We adopted the gf- 
value from IHannaford et al.l l)1985j) . The line has broad 
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Fig. 5. — Selected spectra of n-capture elements in the near- 
UV wavelength region. In panel (b), the Mo I line is clearly de- 
tected, but lies in the middle of a complex blend of Fe I and H I fea- 
tures. The abundance from this line is consistent with the cleaner 
3864.1 A Mo I line, but should be interpreted with caution. 



HFS, which we accounted for empirically by splitting it 
into a number of substructure components to approxi- 
mately match an emission-line profile from the National 
Solar Observatory Fourier transform spectrometer (FTS) 
archives. A larger error bar was assigned to this abun- 
dance. 

Molybde num fZ = 42; Mo i): We adopte d the gf- values 
of Whaling & BraulU lIlQSl . In §3.2.1 of ISneden et all 
lj2003(l . there is an extended discussion of the detection 
and analysis of the 3864.10 A line in CS 22892-052. The 
observed feature can be attributed to a combination of 
Mo I, CH, CN, and other atomic transitions, but Sneden 
et al. argued that a reliable Mo abundance could be ob- 
tained for that star. The molecular contaminants for the 
3864 A line are weaker in HD 221170 than they are in 
CS 22892-052 because its C abundance is smaller, and 
the atomic contaminants also appear to be not strong in 
HD 221170. Confirmation of the presence of Mo comes 
from the detection of Mo i 3798.25 A. This line lies too 
close to the H i Balmer line at 3797.90 A to yield a trust- 
worthy abundance by itself, but our best estimate is very 
consistent with the abundance derived from the 3864 A 
line, bolstering our confidence in the mean Mo abun- 
dance. Both of our Mo i features are displayed in panels 
(a) and (b) of Figure [S| 

Ruthenium (Z = 44! Ru iJ-' The g/- values for all six 
lines were adopted from'Wickliff e et al.l (|1994). Two rep- 
resentative features are displayed in panel (b) of Figure[Sl 

Rhodium (Z = 45; Rhi): The lines at 3692.4 
and 3700.9 A, with t ransition probabilities from 
iDuauette k. Lawlen l)1985j) , yield abundances that are in 
poor agreement: log e = —0.55 and —0.10, respectively. 
A relatively clean line in the HD 221170 spectrum at 
3434.9 A not done by Duquette & Lawler was included 
in the iKwiatkowski et al] 1)19821) lab investigation. The 
transition probability scales of these two studies are in 
good agreement: for nine lines in common, <Alog gf> — 
-f0.03 ± 0.04 {a = 0.11) in the sense Duquette & Lawler 
minus Kwiatkowski et al. Adopting the latter's log gf 



yields log e = -0.40 for the 3434.9 A hne. 

Pa lladium (Z = 46; Pdi ): The g/- values were adopted 
from lBiemont et al.1 1)19821) . 

Silver (Z = ^7; Ag ii): The resonance lines have 
reliable transition probabilities. We adop ted the val- 
ues recommended by iFuhr fc Wiesd l)2005t) , which are 
in good agreement with the values determin ed by 
ICunningham fc LinkI (EMI). See IRoss fc AlleJ llT972) 



for further references and hyperfine/isotopic substruc- 
ture discussion. 

Tin (Z — 50; Sn i): We were able to derive an upper 
limit for the feat ure at 3801.02 A empl oying the g/- value 
recommended bv lFuhr fc Wiesd 1)2005)1 . 

Barium (Z = 56; Ba lij.' In previous work by 
our group on selected Ba features we have performed 
blended-line EW analyses which included both hyperfine 
and is otopic subcomponents adopted from JMcWillia^ 
l)1998)l . with values of log gf- value normalized to those 
adopted in our previous work {e.g., Ivans et al. 1999). 
As discussed in § 13.31 however, in HD 221170 the n- 
capture material is sufficiently enhanced that blending 
from other ri-capture lines becomes significant in many 
features {e.g., in the Ba II 4130 A feature from Ce ii). A 
blended-line EW analysis of Ba in HD 221170 was there- 
fore deemed untrustworthy and a full spectrum synthesis 
was performed on each feature. The transition proba- 
bilities employed here are slightly different than those 
adopted in our previous papers. A critical compilation 
of transition probabilities for both Ba I and Ba ii has 
been published by Klose, Fuhr, & Wiese (2002), and we 
adopt their recommended values. 

We attempted to detect Ba i 5535.5 A, the only strong 
line of this species. Unfortunately, this line is dominated 
in the solar spectrum by a pair of Fe i transitions, and the 
Ba contribution to the blend could not be distinguished 
in our HD 221170 spectrum. 

Lanthanum (Z = 57; La ii): Some features of La ii 
have notable HFS and required updated calculations to 
be made of the HFS patterns. In the Appendix, we pro- 
vide the results of these calculations for 30 of the 36 La ii 
features employed in this study. Although upper level hy- 
perfine constants are not available for the remaining six, 
the profiles of these six lines were inspected on high res - 
olution laboratory FTS data from lLawler et aP l)2001a)) . 
The broadening induced by HFS for these lines is not as 
large as the broadenings of the other 30 La ii lines, and 
are not sufficiently resolved in the FTS data to derive 
a precise measure of the HFS constants. The effect of 
the (weak) HFS splitting for these lines was, however, 
included (approximately) in the analysis of the stellar 
spectra. The complete HFS patterns from the best avail- 
able HFS constants are included for the other 30 La ii 
lines in the Appendix. 

Cerium (Z — 58; Ce ii): Abun dances derived for al l 
44 lines relied upon the g/- values of lPalmeri et alJ l)2000ri 

Praseodymium (Z = 59; Pr ilj.- A ll 21 features 
were a nalysed employing the g/- values of llvarsson et all 

(Unnii). 

Neodymium (Z = 60; Nd ii): We performed 63 abun- 
dance measurements employing the extensive linelist of 
Den Hartoget al. (2003). 

Samarium (Z ~ 62; Sm ii): Accurate experimental 
log ^/-values have been newly determined for over 900 
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Sm II lines bv lLawler et al.1 l)2005j) . The reader is referred 
to that paper for new determinations of the Sm abun- 
dances in the Sun and the r-process-rich stars CS 22892- 
052, HD 115444, BD-hl7°3248. 

Europium fZ = 63; Eu u): W e employed the gf-values 
derived bv Lawler et alJ l)2001c|) . Updated energy levels 
for Eu II and complete HFS and isotopic patterns are 
included in Appendix for 24 Eu II lines. The important 
low-lying even- and odd-parity Eu II levels were mea- 
sured to FTS (interferometric) accuracy of ± 0.003 cm~^. 

For this r-process-dominated element, there are two 
naturally occurring isotopes whose abundance fractions 
are fr(i5iEu) = ^^^Eu/ {^^^Eu+^'^^Eu) = 0.478 and 
fr(^^^Eu) = 0.522 in solar-system material (e.g., see 
the review of Lod ders 2003, and references therein) . 
iSneden et J] l|2002i ) and lAoki et"an (2003) have demon- 
strated that the r-process-rich stars HD 115444, 
BD-M7°3248, CS 22892-052, and CS 31082-001 also have 
approximately equal fractions of the two Eu isotopes. For 
HD 221170, we computed synthetic spectra of the 3819.7, 
4129.7, and 4205.0 A with varying ^^IEu and ^^^Eu 
fractional abundances, and similarly find fr(^^^Eu) « 
fr(^^^Eu) « 0.5. However, since these most useful Eu iso- 
topic abundance indicators are very strong in HD 221170 
and are surrounded by complex atomic and molecular 
contaminants, this isotopic estimate is not tightly con- 
strained, and the uncertainty in each abundance fraction 
is roughly ±0.1. 

Gadolinium (Z — 64; Gd u): For these line s, we 
employed the g/- values of iBergstrom et a F ('1988'), sup- 
plementing these with some from the [Kurucz (1998) 
database consistently normalized with the Bergstrom et 
al. values. 

Terbium (Z = 65 ; Th ii): The 5/- values derived by 
iLawler et al.l ()2001bfl were employed for all features. 

Dy sprosium, (Z = 6 5; Dy 11 j.' We adopted the g/- values 
from iWickliffe et al.l ()200nt) . A representative feature is 
displayed in panel (c) of Figure El 

Holmium (Z = 67; Ho ll): The abundances were d e- 
rivcd employing the (;/- values from ILawler et aLl (j2004f) . 

Erbium (Z == 68; Er 11): We adopted the 5/- values of 
IXu et alJ |2003), preferring to limit our transition list to 
only the relatively few reported in that study rather than 
the larger numbers of Er 11 lines included in older labo- 
ratory studies. Of the many Er il lines, these are the 
only ones with sufficiently up-to-date parameters to be 
included in The Database of Rare Earths at Mons Uni- 
versity (D.R.E.A.M.).^'' In addition, Er has four major 
naturally-occurring isotopes whose HFS splitting has not 
been taken into account in any stellar abundance anal- 
yses to date. Thus, Er abundances are likely to have 
been overstated with the reported associated uncertain- 
ties, understated. 

Thulium (Z = 69; Tm ll): Our abundance was d erived 
employing the linelist of lWickliffe fc LawleJ (jl985f) . 

Yt terbium (Z = 70; Yb ll): The 5/- value was adopted 
from Bie mont et al.l (|2002|) . The feature is displayed in 
Figure [SI 

Lutetium (Z = 71; Lu 11): The upper limit was de- 
rived f rom three lines where gf-values from lFedchak et al.l 
(j2000(l were employed. 
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Fig. 6. — Observed and synthetic spectra of Hf II lines in 
HD 221170. Open circles and crosses represent the observed Keck 
HIRESb and McDonald 2d-coude spectra, respectively. The solid 
lines represent synthetic spectra with variation only in the assumed 
Hf abundance. The black line shows the best fit between the syn- 
thetic and observed spect ra with the abundance for each line given 
in Column 6 of Table Rll The red and blue lines show the change in 
the Hf II linos with changes of ±0.4 dex in assumed Hf abundance, 
respectively, and the green line shows the synthetic spectrum with- 
out any Hf contribution. 
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Hafnium (Z = 72; Hfii): lYushchenko eTall (l200l 
analyzed the 3918.09 and 4093.16 A fines, and derived 
abundances that differed by 0.8 dex in log e, or 0.5 dex in 
[Hf/H]. In their §3 they discussed this disagreement, ar- 
guing for its reality from significant EW differences: they 
measured EW3918 = 45 mA and EW4093 = 15 niA. They 
chose to use the mean abundance derived from these two 
lines for their final Hf value. 

We have compared synthetic and observed spectra for 
these two lines and three other Hf 11 lines detected in our 
spectra, and in FigureElwe display the data for the three 
most trustworthy features. For the 3918 and 4093 A 
lines, panels (b) and (c) respectively, we have Keck and 
McDonald observed spectra of comparable quality, so 
both are plotted. The S/N of the McDonald spectrum is 
too low at 3505 A to be useful in the analysis. Panel (c) 
of this figure can be compared to Figure 1 of Yushchenko 
et al. The Hf 11 lines in Figure are all about the same 
strength, as they should be, given their excitation poten- 
tia ls an d oscillator strengths listed in Col umns 2-3 of Ta- 
ble lAll The g/- values were adopted from lAndersen et all 
[|197(iD . The EWs of the 3918 and 4093 A fines both are 
^15 mA. Our derived abundance for the 4093 A transi- 
tion is in excellent agreement with the Yushchenko et al. 
value. Some problem probably exists in their spectrum 
of the 3918 A feature, and the small line-to-line scat- 
ter among the five lines employed in the present study 
lends some confidence in our derived mean Hf abun- 
dance, which is ~ 0.3-0. 4 dex smaller than that derived 
by Yushchenko et al. 

Tungsten (Z = 74; Wi): lYushchenko"eran pOOl 
employed lines at 4008.7 and 4074.4 A in their analysis. 
Wc also computed synthetic spectra of these lines, which 
should be the strongest of this element in the HD 221170 
spectrum. We conclude that measurable W i absorption 
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is probably present but both lines are so contaminated 
with other spectral features that it is difficult to derive 
a meaningful abundance. Here we will describe the esti- 
mation of an upper limit. 

The 4008.75 A W i line is heavily blended at least 
by Pr II 4008.69 A, Ce ii 4008.67, 4008.73 A, and Nd ii 
4008.75 A (this line is of relatively high excitation po- 
tential, and thus unlikely to contribute substantially). 
Inspection of the feature profile suggests that perhaps 
three transitions make up the total absorption. As might 
be expected, the overall spectral feature strength in- 
creases and decreases in rough proportion to the overall 
n-capture element content. Our syntheses suggest that 
the contaminants account for about 3/4 of the total fea- 
ture. The W I line is probably contributing to the ab- 
sorption, and we formally derive log e(W) ~ —0.6, but 
the uncertainty in the W abundance derived from spectra 
with the resolution and S/N of our spectra must be very 
large (~ ±0.4 dex). The two Ce i i lines have recently - 
determined transition probabilities l|Palme ri et al."200QD. 



The Pr ii line was not included in the ilvarsson et al.l 



(|2001|) lab study, and so we experimented with syntheses 
that did not include it. The observed feature is clearly 
not matched in this case, with an obvious gap at the Pr ii 
line wavelength. 

The 4074.36 A line is approximately a factor of two 
weaker than the 4008 A line. It too suffers blending, 
from the CH ^^^--X^n (1-1) Pi J = 4.5 A4074.34 A 
line (e.g., Bernath et al. 1991). Repeated trial syntheses, 
assuming the C abundance derived from the CH A^A- 
X^H G-Band, suggest that the CH feature dominates 
here, and so log e(W) < —1.0. Complete neglect of the 
CH contaminant would lead to log e(W) « —0.6. We 
conclude that W i lines may have been detected in the 
spectrum of HD 221170, but probably cannot at this time 
be employed as reliable W abundance indicators. A con- 
servative u pper limit is log efW) < —0.6, based on the 
51/- values of iDen Hartog et all il987l). 

Osmium (Z = 76: Os i); Ilvarsson et al.l ()2003D transi- 
tion probabilities were employed except for the 4420.5 A 
line, for which the log gj-yslne was determined by 
iKwiatkowski et aLl l)1984|) . We included this line because 
Ivarsson et al. also used it in their determination of the 
Os abundance of CS 31082-001. 

Iridium, (Z = 77; In): Our a nalysis relied upon the 
(//-values of Ilvarsson et al.l ll2003D. 

Lead (Z = 82: Pb l); lYushchenko et alJ l|2005D derived 
their lead abundance from the 4057.8 A line. We have 
also used this transition alon g with that at 3683.5 A , with 
both g/- values adopted from lBiemont et aD (J2000). The 
resulting abundances are in fair agreement, considering 
the weakness of the two lines and the blending problems 
of each (see Figure 2 of Yushchenko et al ). ^_^ 

Thorium (Z = 90, Th ii;.- lYushchcn ko et alJ (|2002f) 
were the first to report on the abundance of 
Th in this star. I n their expanded follow-up, 
lYushchenko et aD l)2005t) employed seven lines. Five of 
these lines (4019.1, 40 86.5, 4094.7, 4 179.7, and 5989.0 A) 
were included in the iNilsson et alJ |2002) lab study of 
Th II, but the 4003.3 and 4178.1 A fines were not. There- 
fore Yushchenko et al. quoted mean Th abundances both 
from the five lines with Nilsson et al. log gf-values and 
from the whole set of seven lines. Of their five lines with 
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Nilsson et al. data, three must be viewed with caution. 
The 4094.75 A line is present in the HD 221170 spectrum 
but it is blended with Er 11 4094.64 A, CH 4094.70 A, 
and Fe 11 4094.73 A. The 4179.71 A line is intrinsically 
very weak, and it lies between (and is mostly masked 
by) Nd II 4179.58 A and Zr 11 4179.81 A. It is useful only 
to estimate an upper limit of the Th abundance. The 
5989.05 A line occurs in a spectral region of significant 
telluric H2O contamination, which must be removed from 
the HD 221170 spectrum via division by the spectrum of 
a rapidly-rotating hot star. 

In the present study we have chosen to consider only 
Th II lines with transition probabilities determined by 
Nilsson et al. Our search for lines in the HD 221170 
spectrum yielded seven total, four in common with 
Yushchenko et al. In Figure [7| we show synthetic and 
observed spectra for three lines. Panel (a) displays an 
apparently clean feature at 3539.6 A. We have discov- 
ered no plausible identification other than Th 11 at this 
wavelength. In panel (b) we show the 4019.1 A line, 
which in previous studies often has served as the sole Th 
abundance indicator. This line appears to be relatively 
clean in extremely r-process-rich stars such as CS 31082- 
001 (see Figure 9 of Hill et al. 2002). However, in higher 
metallicity, less extreme r-process stars, there are well- 
known blending issues that increase the Th abundance 
uncertainty from this complex blend. We have modeled 
the total feature as well as possible, trying to account 
for ^■^CH, Ce 11, Fe i, and Co i contaminants, but the re- 
sulting abundance here should be viewed with caution. 
Finally, in panel (c) we show the 4094.7 A fine. The 
observed feature on our spectra clearly is a blended one, 
with a FWHM that is larger than any neighbouring single 
line. This illustrates our contention that it is substan- 
tially more blended than is the 4019.1 A fine. The Th 
abundance derived from this feature is very sensitive to 
the assumed strengths of the contaminating transitions 
listed in the preceding paragraph. 

The final Th abundance is taken here as a straight 
mean of the results for all seven Th 11 transitions. There 
are various blending issues associated with most of these 
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lines, and only the 3539.6 and 4019.1 A lines are strong 
enough to dominate the surrounding contaminants. But 
the synthetic/observed spectrum matches yield nearly 
the same abundance from all lines, lending confidence 
to the derived mean. 

4. ABUNDANCE RESULTS 

Table IXTl includes the derived abundance for each fea- 
ture, in log e(X) (Column 6) and in bracket notation rel- 
ative to the scaled solar value (Column 7), where the 
abundance for individual lines is displayed. For iron, the 
bracket notation values are [Fe/H] , and for a ll other ele- 
ments X the values are [X/Fe]. In Table IXTl we present 
a summary of the abundances derived from both EW 
measurements and spectrum syntheses. The first col- 
umn denotes whether the abundance is from a neutral or 
ionized species, or if it represents the mean. The mean 
abundance was calculated by treating all lines of a given 
species with equal weight. The value of aunes denotes 
the a derived from the line-to-line scatter. The value 
of coadopted iucludcs an allowance for any uncertainty in 
the spectroscopically derived parameters. Abundances 
derived from a single feature have been assigned a min- 
imum (T = 0.2 dex, and for species represented by only 
two lines, we have assigned a minimum cr = 0.1 dex. 

For species represented by less than about five or fewer 
lines, uncertainties associated with individual transitions 
(blending, continuum placement, transition probabili- 
ties, hyperfine/isotopic substructure) are the limiting 
factors in the mean abundances. 

As emp hasized by the referee and noted by 
lErspamerfc North (2003|), continuum placement can be 
an unaccounted-for source of error in some abundance 
analyses. Erspamer & North find that continuum place- 
ment errors as small as one percent can have a large 
affect on the abundance results of some stars obtained 
from even high S/N, high resolution data such as those 
gathered with the ELODIE echelle spectrograph. Ta- 
ble 2 and Figure 3 of their study of A - F stars show 
that abundance differences of up to a few tenths of a 
dex can occur in stars possessing Tasini of 150 km s^^. 
Fortunately, the Vsmi of our K star HD221170 is lower 
than the lowest Tasini value presented by Erspamer & 
North, for which they determined that abundance dif- 
ferences resulting from systematic uncertainties in con- 
tinuum placement of ± 1% were all less than 0.1 dex. 
For species with more transitions, these concerns are of 
less importance; systematic effects (scale uncertainties 
in transition probabilities, model atmosphere parameter 
choices, etc.) begin to dominate. 

To illustrate the line-to-line scatter for some of the n- 
capture elements in the HD 221170 spectrum, in Figure|Hl 
we plot abundances from individual transitions as func- 
tions of wavelength, for six species with at least eight 
transitions apiece. The chosen species are: Nd ii, with 
the largest number of lines in our analysis; La il, Pr ii, 
Tb II, and Ho ii, rare earths whose abundances must be 
derived from synthetic spectra that take account of HFS: 
and Eu ii, which has significant hyperfine and isotopic 
splitting as well. The number of lines and the standard 
deviations (cr) are noted in each panel of the figure. Sev- 
eral of these elements have useful lines spanning a large 
wavelength range (AA > 1000 A). However, Tb and Ho 
(panels (e) and (f), respectively) have detectably strong 
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transitions only at shorter wavelengths (A < 4000 A) . It 
is clear from this figure that the derived abundances have 
no significant dependence on wavelength. The abun- 
dances also show no obvious variations correlated with 
line excitation potential or log 5/, but the baselines in 
those two quantities are too small to warrant further 
comment. 

5. COMPARISON OF ABUNDANCE RESULTS WITH 
OTHER STUDIES 

In this section, we compare our derived abundances 
for HD 221170 with those obtained in other studies, as 
well as with the expectations from scaled-solar r-process 
pattern predictions, and with other r-process-rich stars. 

5.1. Comparison to Other Studies of HD 221170 

To date, the most comprehensive abundance stud- 
ies of HD 221170 have been those o f lYushchenko et alJ 
pool 12005) . and lGopka eFal] l)200^ . Other abundance 
analyses have been made in the context of other pro- 
grams, with usually only a limited set of elemental abun- 
dances investigated in a given study. Burris et al. (2000) 
analysed HD 221170 using data of i? ~ 20,000 and a 
wavelength coverage of 4070 A < A < 4710 A, supple- 
mented with data surrounding the A 6141 A Ba II fea- 
ture. For the seven elements of Z > 39 in common, we 
find <A[X/Fe]>R„rr ,s = -0-14 (a = 1 3), in the sense 
of this study minus iBurris et all (2000") . 'Barklem et alJ 



(2005) included HD 221170 as a comparison object (S/N 
~50) in their survey of r-process enhanced stars taken 
with R ^ 20,000 and wavelength coverage of 3760A< 
A < 4980A. Comparing the same elemental range, for 
seven elements in common, we find <A[X/Fe]>HERES 
= —0.10 (a = 0.03), in the sense of this study minus 
iBarklem et all l)2005l) . iFulbrighti l|200(]D also observed 
this star. While we obtain excellent agreement with the 
EWs in common with the Fulbright study (recall Fig- 
ure [21, for the three elements of Z > 39 in common, 
we find <A[X/Fe]> = +0.25 {a = 0.19) where the abun- 
dance differences are driven by the large ^t (2.75 km s^^) 
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ad opted by Fulbright. An d, in the independent analysis 
bv lSimmerer et alTl|2004D based on 2d-coude data alone, 
a value of log e(Eu/La) = —0.13 was derived, the same 
value as derived in this study. 

For the 3 5 elements in common with the 
lYushchenkoeTal. (2005) study, <A[X/Fe]>Yuschcnko 
= +0.04 (a = 0.19). in the sense of this study minus 
lYushchenko et al] l)2005j) . The mean difference between 
the two studies in a direct comparison of [X/Fe] values is 
statistically insignificant. This difference is fortuitously 
small, but it is also meaningless: the mean abundance 
difference encodes little or no information across 35 
elements. The analysis of the derived abundances 
in HD 221170 involves careful comparisons against 
predicted abundance patterns. Patterns are examined 
in the deviations from the mean (a). Deviations from 
the mean are of tremendous importance because those 
individual elements can be the basis from which critical 
inferences are made. Before confronting nucleosyn- 
thetic predictions, one requires a reliable set of derived 
abundances. 

In Figure El we display the differences of the 
heavy n-captur e abundances derived in this and the 
lYushchenko et al. (2005) studies with respect to the 
scaled solar r-process predictions of iSimmerer et al.l 
((2004). 

As in our previous papers on r-process-rich stars, we 
have normalized the derived abundances to the value de- 
rived for log e(Eu) in the corresponding study. By most 
accounts, ~95% of the Eu in the Sun was produced by the 
r-process: 93% (KaoDclcr. Beer fc Wisshak 1989); 94% 
IjArlandini et a l. 1999; Trav aelio et al.l[2004() : 97% (An- 
ders & Grevesse 1989, Burris et al 2000; as also reported 
in Si mmerer et al 2004). 

As lYushchenko et aP 1)200 5') note, their derived n- 
capture abundance pattern for HD 221170 normalized to 
Er does not match well the scaled solar r-process abun- 
dance distribution, particularly for elements with Z > 
68. In addition to the difficulties of analyzing Er (sec 
§ 3.4), there are other potential pitfalls in normalizing 
to Er. Only ~85% of the solar Er is produced via the 
r-process (see references given in § 1). The r-process con- 
tribution to Er less resembles Eu, Ir, Ft, and Au than it 
does Bi, Gd, Tm, and Dy. In studies of metal-poor stars 
with s+r enhancements (see e.g. Aoki et al 2002; Johnson 
& Bolte 2004), [Er/Eu] can be ~1 regardless of whether 
or not the stars possess strong r-process enhancements. 

In Figure (HI the derived abundances of both stud- 
ies have both been normalized to the value derived for 
log e(Eu) in the corresponding s tudy. In contrast to 
the results of Yushchcnko et al. l)2005D . in this atomic 
mass range, we find good agreement between the abun- 
dances derived here and the predicted scaled solar r- 
process values. Our derived Th abundance is discussed 
further in § 7. For some other elements, there is a dis- 
agreement between the derived solar photosp heric and 
chondritic/meteoritic abundances. For instance, Loddere 
l|2003) notes discrepancies of -0.07, -1-0.11 and +0.08 dex 
for Pr (Z = 59), Hf (Z = 72) and Os (Z = 76), re- 
spectively. Incorporating additional uncertainties such 
as these in the solar abundance scale is sufficient to push 
our observed and predicted abundances into good agree- 
ment. 

Many of the abundance differences between our re- 
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capture elements to th e predicted scaled solar r-process pattern of 
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suits and those of lYushchenko et al.1 l)2005(l appear to 
arise from differences in the quality of the spectra em- 
ployed in the two studies. Some of the most obvious 
differences can be detected by eye. For instance, a com- 
parison can be made between the spectra displayed in 
the panels of our Figure ^ against the spectra shown in 
Figures 2 of Yushc henko et al. (2002) and Figures 1-4 of 
Yushchcnk o et alJ (|2005). As already noted in § 2, the 
appearance of the spectra employed by Yushchenko et 
al. is quite different from either the Keck HIRES or Mc- 
Donald 2d-coude data employed here. Furthermore, as 
shown in our Figure 121 there are significant differences in 
the EWs measured bylYushchenko et al. ( 2005), not only 
against those of this study measured in Keck HIRES and 
McDonald 2d-coude data, but also those of yet another 
independ ent set of measu rements employing Lick Hamil- 
ton data IjFulbrightl I2000|) . In addition, there are differ- 
ences in the atomic parameters employed in the two stud- 
ies (e.g., for elements such as Sm, Nd, Eu, and Th). The 
thorium abundance differences, in particular, seem to re- 
late not only to differences in the adopted log ^/-values 
but we note that the differences are largest for "redder" 
wavelengths. We suggest that the thorium abundance 
differences may be more related to line strengths and 
data quality than to anything el se. Furthermore, in many 
cases, the lines employed in the lYushchenko et al.l 1)20051) 
study yielded anomalously large abundances due to un- 
accounted-for blends, including but not limited to those 
arising from HFS splitting. Thus, we are unable to 
replicate many of the n-capture abundances deduced by 
IYushchenko"eiraLl l)2005l) for HD 221170. 
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5.2. Comparison to Scaled Solar r-process Predictions 
for Z > 56 

In Figure [TUI we display the abundances we derived for 
HD 221170 in the context of p redictions of the scaled 
solar r-process abundances by iSimmerer et alJ 1)20041) 
and Arlandini et al. (1999; with most values taken 
from Table 10 of Simmerer et al.) In the study of 
BD+1 7°3248 by Cowan et al. (2002), it was found that 
the Arlandini et al. (1999') distribution seemed to fit 
the abundances o f the r-process-rich s tar better than 
the predictions of iBurris et al.l 120001). [Simmerer et al.l 



(|1)04) slightly revised the IBurris et al.i (I2000D values. 
and included the updated value of La from lO'Brien et aLl 
ll2003'l. which they al so incorporated in their updated 
lArlandini et al.l l)1999f l La value. Furthermore, we take 
into account here the r-only isotopic contributions of 
i24Sn, i30Te, "6xe, and ^^^Nd to the total scaled solar 
1 — s = r-process abundance predictions to the Arlan- 
dini et al. values presented in Simmerer et al. The re- 
sulting predictions are labelled Arlandini* and are those 
employed for the remainder of this paper. 

For 13 elements with 56 < Z < 69 in BD+17°3248, 
the differences between the observed abundances and the 
scaled solar predictions normalized to the Eu abundance 
value derived for BD+17°3248 (Alog e(X) = log e(X)prcd 
- log e(X)obs) are <A(log e)> Arlandini* = 0.031 ± 0.019 
(cr = 0.068) versus <A(log e)>simmoror = 0.038 ± 0.024 
{a = 0.081). For the same elemental range, we obtain 
the following differences in the abundances of HD 221170 
and the predictions of the scaled solar r-process pattern, 
normalized to our Eu abundance: <A(log e)>Ariandini* 
= -0.042 ± 0.019 (o- = 0.070) and <A(log e)>simmcrcr 
= -0.035 ± 0.024 (cr = 0.086). Thus, in the case 
of HD 221170, the scatter is slightly smaller with re- 
spect to the Arlandini* et al. scaled-solar r-process abun- 
dances, with the offset slightly smaller with respect to 
the Simmerer et al. predictions. The differences are 
small, but not a function of metallicity: within the un- 
certainty, both stars share the same metallicity ([Fe/H] 
of BD+17°3248 is -2.08 with a = 0.08 and that of 
HD 221170 is -2.18 with a = 0.12). 

6. REVISITING THE ISSUE OF MULTIPLE iJ-PROCESS 
SITES 



In Figure ^2 we overplot the ISimmerer et al.l l)2004f l 
scaled solar r-process predictions along with the 
abundances of HD 22117 and other r-process-rich 
stars: CS 22892-05 2 (.Sneden et a,lJl2003l) HD 115444 
(iWestin et al.l l2000|) . and BD-hl7°3248 l|Cowan et al.l 
120021) . Abundance studies of the ultra-r-process-rich 
metal-poor star CS 22892-052 have shown that, while 
the abundances of Z > 56 seem to match well the pre- 
dictions from the scaled solar r-process, the lighter ele- 
ments in the range of 40 < Z < 56 are under-abundant 
IjSneden et al.l l2003^. In general, the agreement in the 
abundances distribution patterns of the heavy n-capture 
elements {Z > 56) in these r-process-rich stars suggests 
that a robust and perhaps even unique r-process pro- 
duced these elements. However, the same does not ap- 
pear to be true of the lighter ri-capture elements. 

Observationally, many of the light n-capture elements 
are challenging to detect, requiring space-based obser- 
vations. With the aid of the Space Telescope Imag- 
ing Spectrograph (STIS) on the Hubble Space Telescope 
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Fig. 10. — Comparison of the log e(X) abundances for Z > 
30 in HD 221170 with the scaled-solar r-process predictions from 
Simmerer et al. (2004; solid red line) and those based on Arlan- 
dini* et al. (largely 1999; with modifications as described in S I5.2I . 
Both sets of predictions have been normalized to the value derived 
for log e(Eu) in HD 221170. In the top panel, the upper limits 
and open circles with error bars denote the stellar abundances. 
The bottom panel displays the difference defined as Alog e(X) 
= log e(X)pj2;j — log e(X)ojjs where the error bars are those we 
adopted for the abundances derived for each element. Upper lim- 
its are not displayed in the bottom panel. 
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Fig. 11. — Comparison of the log e(X) abundances of Z > 
30 in HD 221170 with those of CS 22892-052 (blue X; Sneden et 
al. 2003), HD 115444 (green A; Westin et al. 2000), BD+17°3248 
(red pentagon; Cowan et al. 2002), and the predicted scaled solar 
r-process pattern (dotted line; Simmerer et al. 2004). Both the de- 
rived and predicted abundances have been normalized to the value 
derived for log e(Eu) in HD 221170. Only for HD 221170 are up- 
per limits shown. The bottom panel displays the difference defined 
as Alog e(X) = log e(X)obs — log e(X)pred for all four r-process- 
rich stars with r espect to the scaled solar r-process predictions of 
ISimmerer et alJ l20(11^ . 
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(HST) . ICowan et aT] l|2005f) derived abundances of Ge, 
Zr, Os, and Pt in a sample of metal-poor stars, includ- 
ing HD 221170. As noted in § 13.31 the spectrum of 
HD 221170 is complex, and more so in the blue-violet- 
UV regions than in the green- yellow-red. Despite the 
difficulties, their results for the abundances in common 
with this study are within the stated errors. 

The differences in the light- versus heavy-n-capture 
elemental abundance patterns are not restricted to ob- 
servations of metal-poor halo stars. In an investiga- 
tion of the abundances of short-lived isotopes in the 
earl y solar system (as inferr ed from meteoritic analy- 
ses )^^^ie^u^eOD <|1996j) found that distinctive SN 
sources or r-process sites were required to explain the 
incompatibility in the observed i29j^i82jj£ ^.g^^JQ^ Both 
isotopes are short-lived and essentially of r-process ori- 
gin, thus inferring two distinct r-process sites for the 
light isotopes below Ba, and for the heavy isotopes be- 
yond Ba. Their model of "uniform production" pro- 
duced abundances that match those of actinides and the 
short-lived ^^^Hf, but overproduced the abundances of 
the lighter isotopes. This suggested to Wasserburg et 
al. that multiple r-process sites were required to pro- 
duce both the heavy and light isotopes. In another study 
of the s hort-liv ed radioactive isotopes in the early solar 
svstem. iMever fc Clavton (2000) found that the abun- 
dances of the lighter isotopes could be explained by con- 
tinuous galactic nucleosynthesis (providing a match to 
the inferred abundance of ^^^I, among other isotopes) 
combined with a relatively more recent injection of ma- 
terial into the condensing proto-solar nebula (provid- 
ing a source for the relatively enhanced abundance of 
i82Hf, as well as ^ ^Al, 36 q, 41^;^, a n d sop e). The ^^^Hf 
site suggested bv IMever fc ClavtorJ lj2000() is a "fast s- 
process" (with special conditions surrounding the subse- 
quent mass lost from the progenitor star) rather than in 
the r-process proper. Production of ^^^Hf is essentially 
driven by neutron captures i n the outer H e-shell region 
by explosive nucleosynthesis l)Meveill2005j) . The Meyer 
& Clayton model is reminiscent of a model discussed by 
[Cameron ct al. (1993), who also invoked s-processing to 
explain some of the inferred abundances of isotopes nor- 
mally considered to be of primarily r-process origins in 
the early solar system. ^_^ ^^^^^_^^^^^ 

Although the'Cameron et al.! l!l993j). IWasserburg et al.l 
(^996) and Mevcr & Clavton (2000) studies disagree as 
to the proportions of "uniform" or "continuous" produc- 
tion required to explain the inferred meteoritic abun- 
dance patterns of the short-lived isotopes in the early 
solar system, all of the studies invoke another source, 
beyond continuous Galactic r-process production, to ex- 
plain the discrepant abundances of isotopes normally 
considered to be of primarily r-process origin. For fur- 
ther discussion of th is is sue, we refer the reade r to 
IGoswami et"aLl (|2005l) and IWasserburg et all l|2006|) for 
recent reviews. 

A phenomenological model for the formation of 
the n-capture abundance patterns observed in r- 
pr ocess-rich metal-poor sta rs h as been developed 
bv iQian fc Wasserburd l)2000(l and IWasserburg fc Qiaia 
IJ2000D . The model rephcates many of the observed abun- 
dance patterns in very metal-poor stars with a mix of 
two different types of r-process events which occur on 
different frequencies (high and low), and produce differ- 



ent sets of yields (heavy and light n-capture elements). 
Another point of view taken to explain the light- versus 
heavy-n-capture abundance patterns has been to pos- 
tulate the existence of both a "main" and a "weak" r- 
process. The main r-process would produce the (under- 
abundant light-) n-capture abundance patterns observed 
in the low-metallicity r-process-rich stars. A weak r- 
process, presumed to be a secondary process {i.e., depen- 
dent upon an existing heavy element distribution), and 
possibly the result of only a small neutron burst, would 
then operate on existing seeds to produce the observed 
solar abundance pattern in the light-n-capture elements 
(see e.g., Pfeiffer, Ott, & Kratz 2001; Thielemann et al. 
2001; Truran, Cowan, & Fields 2001). Both of these 
views have been developed in response to the different 
abundance pattern characteristics between the light- and 
heavy-n-capture elements. 

As shown in Figures l ^lll the abundances of Z > 
56 derived in this study are well-matched by the the 
scaled solar r-process pattern predictions. Surprisingly, 
the abundances of HD 221170 also seem to be a bet- 
ter match to the scaled solar r-process predictions in 
the 37 < Z < 48 elemental range than those of other 
r-process-rich stars. Figure E| takes a closer perspec- 
tive on this issue. We display the abundance differences 
with respect to three predictions of the scaled solar r- 
process pattern: those of Oian (2003), Arlandini* et al. 
(lar gely 1999; with modifi cations as described in § I5.2|l 
and lSimmerer et alJl|2004f) \ The individual panels show 
the value of <A(log e)> and a for the elements in com- 
mon. In addition to the r-process-rich stars shown in 
the previous figures, we have included here the abun- 
dances of CS 31082-001 (IHill et al.ll207)l . Regardless of 
whose scaled solar r-process predictions are referenced, 
the abundance patterns of r-process-rich stars in this 
light n-capture elemental range appear to have been 
stamped from a similar mould, but with an offset in the 
overall abundances. 

In these r-process-rich metal-poor stars, it would ap- 
pear that at least some of the light n-capture elements 
arise in sites that produce similar abundance yields, but 
with overall amounts that do not scale with the predicted 
scaled solar r-process values. Too little information ex- 
ists in the literature regarding the abundance of Ga {Z = 
31) in metal-poor stars to warrant any comment beyond 
urging observers to obtain abunda nces of this element. 
However, in the case of Ge {Z = 32) . ICowan et al.l pOOiif l 
have shown that the abundance of [Ge/H] seems to track 
well the abundance of [Fe/H] whereas [Ge/Fe] appears to 
be independent of the [Eu/Fe]-ratio. The behaviour of 
[Zr/Fe], on the other hand, is qualitatively different. As 
can be seen in F igure 10 of the e xtensive investigation of 
Sr, Y, and Zr bv lTravaglio"eraI] (|2004), [Zr/Fe] has only 
a mild dependence on the abundance of [Fe/H] . However, 
the largest [Zr/Fe] abundance displayed by Cowan et al. 
(their Figure 6) corresponds to the star with the largest 
[Eu/Fe] abundance, CS 22892-052. Regarding other ele- 
ments in this atomic mass range, the abundances of Pd 
and Ag have not been reported for HD 115444, nor have 
Mo, Ru and Rh for either it or for BD-hl7°3248. 

Iron-peak and transiron isotopes can be produced in 
the neutron-rich a-rich freeze-out process. Such high en- 
tropy environments, such those of nascent neutron stars, 
possess excess neutron and a-particle distributions that 
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Fig. 12. — Comparison of the abundances of 37 < Z > 50 in 
HD 221170 with those of CS 22892-052, HD 115444, BD-|-17°3248, 
and the scaled-solar r-process pr edic tions, with symbols and nor- 
malization as described in Figure lTTl Here, we also add the results 
for CS 31082-001 (magenta +; Hill et al. 2002). The three panels 
display the difference (Alog e(X) = log e(X)oiji3 — log e(X)pred = 
Ar) and scatter (cr) for all five r-process-rich stars with respect to 
the scaled-solar r-process predictions of'Qian (2003), Arlandini* 
et al. (largely 1999; w ith modifications described in ij 15. 2i . and 
ISimmerer et alJ l25ol) . 



can lead to the production of iron-peak isotopes, par- 
ticularly those to the high-Z side of the iron-peak (see 
e.g. Arnett, Truran, & Woosley 1971; Woosley & Hoff- 
man 1992; Nakamura et al. 1999). This process is not 
necessarily coupled to the n-capture nucleosynthesis of 
higher atomic mass isotopes. Thus, it has been sug- 
gested that the a-rich freeze-out process may be respon- 
siblc for th e behaviour of Gc abundances with metallicity 
IjCowan et al. 2005). Furthermore, the a-rich freeze-out 
process has been invoke d as a possible explanation fo r the 
ov er-abundance of S r IjMcWilham fc Searl^ I1999|) and 
Y IjVenn et alJl200'f l observed in some metal-poor halo 
stars. In the case of HD 221170, however, a boost from an 
overall increase in the efficiency of the a-rich freeze-out 
does not successfully explain its light-n-capture abun- 
dance pattern. The abundances of lighter transiron ele- 
ments (and sensitive to the neutron excess and the en- 
tropy; see e.g. Arnett et al. 1971) such as Cu {Z = 29), Zn 
{Z = 30), and Ge (Z = 32), all have values in HD 221170 
that are in accord with those derived for BD+17°3248, 
HD 115444, and CS 22892-052. Thus, the abundances of 
the elements in HD 221170 in the range of 28 < Z < 32 
do not seem to support an a-rich freeze-out explanation 
for the overall relative enhancement in HD 221170 of the 
abundances of ele ments in the range of 3 7 < Z < AS. We 
refer the reader to lBisterzo et al.l l|2004)) for more exten- 
sive discussions regarding the complex origins of Cu and 
Zn, and to Travaaiio ct al. (2004) for Sr, Y, and Zr. 

The understudied abundances in the atomic mass 
range between the iron-peak and Z < 56 present a shop- 
ping list of elements which need to be examined and re- 



ported for a larger sample of metal-poor stars. Interest- 
ingly, while we can only report an upper limit for the 
abundance of Sn in HD 221170, the value is significantly 
lower than the predicted scaled solar value or of that de- 
rived in the spectrum of CS 22892-052. While some hght 
n-capture elements with features only in the UV wave- 
lengths are limited to satellite observations, the near- 
UV-sensitive detector on Keck I places at least some of 
the understudied elements within the reach of a ground- 
based facility (see Table IXT|l . 

7. NUCLEOCOSMOCHRONOMETRY OF HD 221170 AND 
OTHER iJ-PROCESS-RICH STARS 

With its very long half-life, the detection of Th in 
HD 221170 allows for nucleocosmochronometric esti- 
mates for the age of this star. The ideal chronometer 
pair for these age determinations is Th/U, since both el- 
ements are made entirely in the r-process and are nearby 
in mass number (see discussions in the reviews of Tru- 
ran et al. 2002, Sneden & Cowan 2003, Cowan & Sne- 
den 2004, and Cowan & Thielemann 2004). Th/U has 
been used to determine the ages of CS 31082-001 (12.5 
± 3 Gyr, Cayrel et al. 2001; 14 ± 2.4 Gyr, HiU et al. 
2002; 15.5 ± 3.2 Gyr, Schatz et al. 2002; 14.1 ± 2.5 
Gyr, Wanajo et al. 2002) and BD+17°3248(13.8 ± 4 Gyr, 
Cowan et al. 2002). However, uranium (with its inher- 
ently low abundance and frequent spectral blending with 
strong atomic and molecular features) is difhcult to de- 
tect in most stars and was not seen in HD 221170. 

Chronometric age estimates based upon the Th/Eu ra- 
tio have been made for a number of stars (see e.g., Sneden 
et al. 1996, 2000a, 2003; Cowan et al. 1997, 1999; Pfcif- 
fer, Kratz, & Thielemann 1997; Westin et al. 2000; John- 
son & Bolte 2001; del Peloso, da Silva, & Arany-Prado 
2005). Our abundance determinations for HD 221170 
indicate a ratio of log e(Th/Eu) — —0.60 with a typical 
observational uncertainty of cr{log e) = 0.05. This ra- 
tio is virtually identical to that found for CS 22892-052 
(-0.62, Sneden et al. 2003), BD-hl7°3248 (-0.51, Cowan 
et al. 2002) and HD 115444 (-0.60, Westin et al. 2000). 
The abundance ratio for HD 221170 is also consistent 
with the average log e(Th/Eu) ratio found in two giant 
stars in the globular cluster M15 (<— 0.62>, Sneden et 
al. 2000b). 

As indicated earlier in this paper^ our abundance 

result s do not agree with those of [Yushchenko ct a^ 



(|2005(1 - we do not find an enhanced abundance of 
Th in HD 221170 and the (stable) n-capture elemen- 
tal abundances in this star are consistent with the pre- 
dicted scaled solar system r-process abundance distribu- 
tion pattern and with other r-process rich stars {e.g., 
CS 22892-052, BD+17°3248, CS 31082-01). Thus, i n 
contrast to the suggestion of lYushchenko et aLl 1)2005(1 . 
we find that the abundance ratio of Th/Eu is indeed us- 
able as a chronometer in this star. 

Chronometric age estimates depend sensitively upon 
the initial predicted values of Th/Eu, which in turn de- 
pend on the nuclear mass formulae and r-process models 
employed in making those determinations (see discussion 
in Schatz et al. 2002 and Cowan & Sneden 2004). Cal- 
culations of the r-process are designed to replicate the 
solar system isotopic (and elemental) abundance distri- 
bution. The same calculations that reproduce the sta- 
ble solar system (and stellar) elemental abundances are 
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then used to predict the radioactive abundances and thus 
the Th/Eu ratio. Comparing the observed Th/Eu abun- 
dance (0.25) in HD 221170 with the predicted r-process 
values can directly yield an age determination via the 
following relation: 



Th 



Th 



exp[-t/TTh] 



(1) 



where rxh represents the characteristic decay timescale 
of Th (20.27 Gyr) and t the inferred age. 

Earlier theoretical calculations predicted an initial 
value of Th/Eu = 0.48 in an r-proccss site (Cowan ct al. 
I1999() . while more recent calculations, constrained by 
some recent e xperimental data, suggest a value of 0.42 
ISneden et al.ll200l . IKratz et alJ ll20fll find Th/Eu = 
0.42 for traditional {i.e., "iron seed") calculations and a 
value of 0.48 for conditions that might be more typical of 
the high-entropy wind scenario in a Type II SN. Employ- 
ing an average of these two initial abundance predictions 
for Th/Eu suggests an age for HD 221170 of 11.7 ± 1.4 
Gyr. The error uncertainty here is strictly from the two 
different theoretical calculations. Observational abun- 
dance errors {e.g., log e = 0.05) would also contribute to 
the general age uncertainty. Since these errors are un- 
correlated, our best age estimate for HD 221170, based 
upon the Th/Eu chronometer, is 11.7 ± 2.8 Gyr. 

If we put aside the th eoretical considerat ions for a mo- 
ment, and assume the lAnders fc Grevessd (|1989) value 
of Th/Eu = 0.463 in the early solar system, then for the 
Th/Eu of 0.2512 ± 0.05 in HD 221170, we can use this in- 
formation to derive an inferred age based on the adopted 
Th/Eu in the early solar system. Employing Equation ^ 
(0.25 ±0.05 = 0.463 exp[-i/20. 27 Gyr]), the inferred age 
is 12.4_3'7 Gyr, in agreement with that derived employ- 
ing the theoretical r-process calculations. 

The age we derive for HD 221170 is within the range 
of cosmic ages determined by the results of the Wilkin- 
son Microwave Anisotropy Probe experiment (WMAP), 
both those combined with results from the Sloan Digi- 
tal Sky Survey (14.lti:9 Gyr; Tegmark et al. 2004), as 
well as those combined with earlier cosmic microwave 
background (CMB) and large-scale structure data (13.7 
± 0.2 Gyr; Spergel et al. 2003). These ages are also 
in agreement with the main sequence turn-off ages of 
the oldest globular clusters (12.5124 Gyr; Krauss & 
Chaboyer 2003; further refined to 12.6^2:2 Gyr with the 
inclusion of CMB data; Jimenez et al. 2003). In turn, the 
white dwarf cooling curve age of 12.1 ± 0. 9 Gyr, derived 
for gl obular cluster M4 (NGC 6121) bv 'Hanse n et all 
l)2004j) . is consistent with ages derived from the main 
sequence turn-off for this cluster. 

Although our age estimate for HD 221170 is consis- 
tent with those reported for r-process-rich stars, addi- 
tional experimental and theoretical studies - particularly 
of very neutron-rich nuclei ~ are required to reduce mean- 
ingfully the chronometric age uncertainties. In particu- 
lar, employing certain other nuclear mass formulae would 
lead to a wider range of initial abundance ratios and 
correspondingly wider range in age estimates. We note, 
however, that some of the mass models that have been 
employed to predict (wide-ranging) initial chronomctric- 
age abundances do not reproduce the solar Pb and Bi 
abundances, or adequately predict the nuclear proper- 



ties of nuclei far from stability (see Cowan et al. 1999 
and Schatz et al. 2002). 

The r-process-rich star CS 31082-001 is one well- 
documented case in which Th/Eu is anomalously high. 
While the abundances of the stable elements (through 
the 3''* r-process peak) in CS 31082-001 are consistent 
with the predicted scaled solar system r-process distri- 
bution, Th and U are enhanced with respect to the other 
n-capture elements (Hill ct al. 2002; Schatz ct al. 2002). 
Thus, in this star the Th/Eu chronometer leads to un- 
reasonably low age determinations, while the Th/U ratio 
predicts an age consistent with other ultra metal-poor 
halo stars. We note, however, that the reported lead 
abundance in CS 31082-001 (Plcz et al. 2005), which pre- 
dominantly results from Q-decay of Th and U isotopes, 
seems to be too low with respect to such high abun- 
dance values of these radioactive elements IjKratz et alJ 
I2004|) . iQian fc Wasserburd l)200H) have suggested that 
the U in CS 31082-001, along with the enhanced abun- 
dances of Os and Ir, may be the result of contamination 
from a nearby SNell event, sufficiently nearby to have 
come from a binary companion. If the binary compan- 
ion survived, it likely became a stellar-mass black hole. 
Schlcgel (2003) undertook a survey of all available X-ray 
data acquired in the vicinity of CS 31082 -001. O b serva - 
tions by the ROSAT All-Sky Survey Voges et all ( p99l ) 
set an upper limit on the X-ray luminosity which fall 
short of the expected flux emanating from the region 
surrounding a stellar-mass black hole at the assumed dis- 
tance of CS 31082-001. However, XMM-Newton observa- 
tions have been undertaken to uncover lower X-ray fluxes 
which may be being emanated from the system. 

Models of SNell explosions have found that r-process 
nucleosynthesis can take place in the wind generated by 
neutrinos flowing outwards from the surface of a hot new- 
born neutron star (see references given in § 1 as well 
as Otsuki et al. 2000 and additional references therein). 
Sasaqui, Kajino, and Balantekin (2005) have investigated 
the effect that a sudden cessation of neutrino fluxes (re- 
sulting from the creation of a black hole) can have on the 
r-process nucleosynthesis yields. They find that not only 
are the resulting yields be quite sensitive to the neutrino 
cutoff effect in their model, but that the largest impact is 
on the abundance of the Th and U isotopes. In the case 
of CS 31082-001, their model with no r-process cutoff 
(and, by implication, no cessation of the neutrino fluxes 
through the formation of a black hole) provides the best 
match to the observations of Th and U. 

Clearly, additional observational and theoretical stud- 
ies of this star, and others with enhanced actinide abun- 
dances, such as the recently discovered r-process-rich 
Th-rich star CS 30306-132 ilHonda et all l200l . will 
be needed to better understand and further refine the 
chronometric age determinations. 

8. SUMMARY AND CONCLUSIONS 

Employing high resolution data acquired with the Keck 
Observatory HIRES, and supplemented by high resolu- 
tion data gathered with the McDonald Observatory 2d- 
coude spectrograph, we have derived the abundances of 
57 species in the metal-poor red giant star HD 221170. 
The stellar atmospheres have been derived employing 
spectroscopic constraints - eliminating abundance trends 
with the excitation potentials, equivalent widths (EW), 
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and ionization states of ^200 iron-peak lines - and are 
in good agreement with the Teff and log g expectations 
based on photometric and parallax measurements. 

In the abundance analysis, single-source and recent gf- 
values were employed wherever possible in order to di- 
minish uncertainties resulting from systematics in com- 
bining multiple sources. Single, unblended features were 
analysed using EWs, and more complex features synthe- 
sized, with hyperfine structure (HFS) and isotopic split- 
ting accounted for where necessary. In total, over 700 fea- 
tures were analysed in this star, with the majority arising 
from neutron-capture (n-capture) transitions. Nearly all 
of the strongest n-capture transitions occur in the com- 
plex blue-UV spectral regions where blended features are 
the rule, not the exception. Therefore, we employed full 
synthetic spectrum analyses of more than half of the n- 
capture features we investigated. Included in our analysis 
are numerous n-capture features with newly-determined 
atomic parameters. We provide improved wavelengths 
and full hyperfine and isotopic patterns for 24 lines of 
Eu II, and complete hyperfine patterns for 80 lines of 
La II. More than 350 transitions of 35 species yielded 
abundances for 30 n-capture elements and significant up- 
per limits for three others. 

The resulting n-capture abundance pattern distribu- 
tion for Z > 56 is fit well by the predicted scaled solar 
system r-process abundances, as has been seen in other 
r-process-rich stars such as CS 22892-052, BD-H17°3248, 
and HD 115444. We derive ratios of log e(Th/La) = 
-0.73 (cr = 0.06) and log e(Th/Eu) = -0.60 (ct = 0.05), 
values in excellent agreement with those previously de- 
rived for other r-process-rich metal-poor stars, including 
the giant stars of globular cluster M15. Also comparable 
is the inferred age, based upon the Th/Eu chronome- 
ter, of 11.7 ± 2.8 Gyr (which includes the estimated 
uncertainty arising from both the measured abundances 
and the predicted Th/Eu production ratio) and in ac- 
cord with the cosmic age derived from the measurements 
made by the Wilkinson Microwave Anisotropy Probe ex- 
periment. Thus, the abundance ratio of Th/Eu is indeed 
usable as a chronometer in this star. 

Surprisingly, in contrast to the abundance patterns of 
other r-process-rich metal-poor stars, the abundances of 
HD 221170 also seem to be a better match to the scaled 
solar r-process predictions in the lighter n-capture ele- 



ment range of 37 < Z < 48. Based on the abundances 
of iron-peak and the lighter transiron elements, however, 
the source of the light n-capture agreement in HD 221170 
does not appear to lie in the abundance predictions from 
the neutron-rich a-rich freeze-out process. 
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APPENDIX 

TRANSITION DATA FOR R- AND S'-PROCESS SURROGATES 

Abundances of Eu and La are useful as surrogates for r- and s-process abundances in studies of Galactic halo stars 
{e.g., work on the rise of s-process by Simmerer et al. 2004). Modern transition probabilities based on a combination 
of radiative lifetimes from laser induced fluorescence (LIE) measurements and branching fractions from an FTS for the 
important strong lines of Eu II and La ii were reported by Lawler et al. (2001a, 2001c). These authors also collected 
the best available isotope shift (IS) and HFS data for the ground, low metastable, and resonance levels of Eu ii and 
La II. They determined some of the missing IS and HFS data using FTS spectra. 

Updated La Transition Data 

In Table IXTl we present updated HFS patterns for 80 La li features, including 30 em ployed in this study. For all 
but four levels, these were computed using the best data compiled and/or measured bv iLawler et alJ l|2001aD : HFS 
constants for the the upper levels at 22106.02 and 22537.30 c m~^ were update d using iLi et alJ 1)200 ID . and the upper 
levels at 24462.66 and 25973.37 cm~^ were updated using Im ura et al.l (|2003D . The Component (Comp.) positions 
are referenced to the cent er-of-gravity (COG ) wavenumbers and wavelengths. Transition wavenumbers were computed 
from NIST energy levels IjMartin et al.lll97q) and converted to air wavelengths using the standard index of air (Edlen 
1953, 1966). Comp. Strengths are normalized to sum to one. 
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Updated Eu Transition Data 

During our earlier work on Eu ii, it became apparent that the energy levels could be improved beyond that available 
from N IST (Martin et al. 1978). The NIST energy levels are from grating spectrometer measurements bv lRussell et alJ 
(jl941(l . Interferometric FTS accuracy {^ ± 0.003 cm~^) is at least an order of magnitude better than the accuracy 
of grating spectrometer measurements on photographic plates, particularly on lines with very wide ('--^1 cm^^) IS and 
HFS patterns. Many of the critical Eu ii lines to the ground and first metastable levels have very wide structure. The 
wide structure is in part due to the large (~0.150 cm~^) value of the IS from an unpaired 6s electron in the ground 
and lowest metastable levels. 

Astrophysical data on halo stars from modern large telescopes has now reached the level of quality that isotopic 
abundances of Eu can be determined (e.g., Sneden et al. 2002). Evidence to date supports a uniform isotopic mix from 
all r-proce ss ev ents. The lines of Eu ii connected to ground and lowest metastable levels are ideal for such studies. 

In T able lAllwe report FTS measurements of COG wavenumbers with a Solar System isotopi c mix of ^^^Eu and ^ ^^Eu 
IjRosman fc Ta vlor 1997) for selected levels of Eu ii. The procedure used in the Ho ii work bv lLawler et alJ f2004) was 
followed. Internal stan dard Ar ii and Ar i l ines w ere used to calibrate the sca le of four FTS spectra . The Ar li reference 
wavenumbers are from lLea rner fc Thornel lll988H with a small correction bv lWhaling et all l)2002D . The Ar i reference 
wavenumbers are from lWhaling et al.l l)2002|) . Non-linear least-square fits of the complete line profiles, including all 
isotopic and hyperfine components, were performed to determine COG wavenumbers for 24 Eu ii transitions. A global 
least-square adjustment of the energy levels was performed using the redundant measured wavenumbers for the 24 
transitions connected to the 13 levels of interest (12 e xcited levels, and the ground level defined as 0.00 cm^^). 

Since the publication of the earlier work on Eu ii IjLawler et al.ll2001q) . requests have been made for lists of the 
complete hyperfine and IS patterns of the important lines of Eu II. While this information can be reconstructed from 
data in the earlier paper, some effort is required. Here we provide the complete isotopic and HFS structure patterns 
along with improved COG transition wavelengths (in air) for a Solar System isotopic mix of ^^^Eu and ^^'^Eu in 
Table \K\\ Energy levels from thi s work were comb ined with the best HFS constants from Table 4, and recommended 
line isotope shifts from Table 5 of lLawler et al.l l)200 1c'). Comp. Positions are referenced to the COG values and Comp. 
Strengths are normalized to 1.000 for each line. The first half of the components listed for each line are from -'^^^Eu 
and the second half are from ^^'^Eu. 
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TABLE Al 
Abundances Derived from Individual Features 



(1) 

Ion 


(2) 
A 

(A) 


(3) (4) (5) (6) 
X log EW log e(X) 
(eV) 3/- value (mA)(^) 


(7) 
[X/Fc] 

(b) 


(8) 
Notes 




log £(C)q = 8.56 (Z = 6)('^) 


I 


CH-band 


syn 5.67 


-0.71 




log e(N)0 = 8.05 (Z = 7) 


I 


CN-band 


syn 6.46 


+0.59 




log e(0)@ = 8.93 (Z = 8) 


I 
I 


6300.31 
6363.79 


0.00 -9.750 syn +6.97 
0.02 -10.250 syn +6.97 


+0.22 
+0.22 




log e(Na)o = 6.33 (Z = 11) 



I 
I 


5682.63 
5688.00 


2.10 
2.10 


-0.699 
-0.456 


syn 
syn 


+3.89 
+3.95 


-0.26 
-0.20 


HFS 


I 


5889.95 


0.00 


+0.112 


220.2 






(d) 


I 


5895.92 


0.00 


-0.191 


212.3 






(d) 



Note. — These results are based on Keck HIRESb spectrum features for wave- 
lengths in the range ~3050 < A < 5895 A, and McDonald 2d-coude spectrum 
features for redder wavelengths. See § 3. 

'■^-'in the place of an EW measurement, "syn" denotes a feature for which our 
derived abundance relies on a spectrum synthesis computation. 

^ 'The abundances derived for individual feature relative to the scaled solar 
value: [Fe i/H], [Fc ii/H], or [X/<Fe>] for <[Fe/H]> ^ -2.18. Upper limits arc 
denoted :UL. 

t^)Derivcd ^^c/i^C ratio ^ 7 ± 2. 

' 'Excluded from analysis (non-negligible non-LTE correction required.). 
'•^-' Hyper fine structure not considered for EW < 30mA. 

^ 'Excluded from analysis (HFS information unavailable for non-ncgligle HFS cor- 
rection). 



TABLE A2 

SC II AND Mn I LiNELISTS 



A Species X log 

(A) (cV) gZ-value 



4400.379 


Sc II 


0.605 


-2.019 


4400.383 


Sc II 


0.605 


-1.821 


4400.383 


Sc II 


0.605 


-1.196 


4400.387 


Sc II 


0.605 


-1.767 


4400.387 


Sc II 


0.605 


-1.429 



Note. — Displayed here is a portion (of 
the entire electronically-available Sc and 
Mn linelist) as a guide to the general form 
and content. 

y^) Hyperfine structure inf or matio n 

adopted from IKurucz &: Belli il995H . 
with log ^/-value's normalized to those 
adopted in this study (sec ^ 13.11 . 



Note. — Displayed here is a portion (of the entire electronically-available abundance table) as a guide to the 
2:eneral form and content. 
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TABLE A3 
HD 22117022: Abundance Summary 



Species 


Z 


log e(X) 


log e(X) 


± 


u 


(T 


N 


[X/Fe] 









• 




(lines) 


(adopted) 




(a) 


<C l> 


6 


8.56 


5.67 






0.30 


CH 


-0.71 


<Nl> 


7 


8.05 


6.46 






0.35 


CN 


+0.59 


<o i> 


8 


8.93 


6.97 


0.00 


0.00 


0.10 


2 


+0.22 


<Na l> 


11 


6.33 


3.92 


0.03 


0.04 


0.10 


2 


-0.23 


<Mgi> 


12 


7.58 


5.81 


0.03 


0.06 


0.06 


6 


+0.41 


<Si i> 


14 


7.55 


5.85 


0.05 


0.09 


0.09 


4 


+0.48 


<Ca l> 


20 


6.36 


4.53 


0.02 


0.09 


0.09 


15 


+0.35 


<Sc ii> 


21 


3.10 


1.01 


0.02 


0.06 


0.06 


9 


+0.09 


Ti I 






3.04 


0.03 


0.12 


0.12 


13 


+0.23 


Ti II 






3.16 


0.03 


0.11 


0.11 


15 


+0.36 


<Ti> 


22 


4.99 


3.10 


0.02 


0.13 


0.13 


28 


+0.30 


Vi 






1.83 


0.03 


0.07 


0.07 


6 


+0.01 


Vii 






2.11 










+0.01:UL 


<V> 


23 


4.00 


1.83 


0.03 


0.07 


0.07 


6 


+0.01 


Cr I 






3.31 


0.02 


0.04 


0.04 


7 


-0.18 


Cm 






3.63 


0.04 


0.09 


0.09 


7 


+0.15 


<Cr> 


24 


5.67 


3.47 


0.05 


0.18 


0.18 


14 


-0.01 


Mn I 






2.91 


0.04 


0.10 


0.10 


6 


-0.30 


Mn II 






3.19 










-0.02:UL 


<Mn> 


25 


5.39 


2.91 


0.04 


0.10 


0.10 


6 


-0.30 


Fe I 






5.34 


0.01 


0.12 


0.12 


157 


-2.18 


Fe II 






5.32 


0.02 


0.10 


0.10 


19 


-2.20 


<Fe> 


26 


7.52 


5.34 


0.01 


0.12 


0.12 


176 


-2.18 


<Co i> 


27 


4.92 


2.87 


0.04 


0.12 


0.12 


9 


+0.13 


<Ni i> 


28 


6.25 


4.16 


0.05 


0.13 


0.13 


6 


+0.09 


<Cu i> 


29 


4.21 


1.27 






0.20 


1 


-0.76 


<Zn l> 


30 


4.60 


2.51 


0.00 


0.00 


0.10 


2 


+0.09 


<Ga i> 


31 


2.88 


0.59 






0.20 


1 


-0.54 


<Rbi> 


37 


2.60 


0.70 






0.30 


1 


+0.28 


Sri 






0.48 






0.20 


1 


-0.24 


Sr II 






0.85 


0.04 


0.08 


0.08 


4 


+0.13 


<Sr> 


38 


2.90 


0.74 


0.08 


0.18 


0.18 


5 


+0.02 


<Yii> 


39 


2.24 


-0.08 


0.02 


0.07 


0.07 


16 


-0.13 


Zr I 






0.65 


0.06 


0.13 


0.13 


5 


+0.23 


Zr II 






0.68 


0.03 


0.09 


0.09 


12 


+0.26 


<Zr> 


40 


2.60 


0.67 


0.02 


0.10 


0.10 


17 


+0.25 


<Nb II> 


41 


1.42 


-0.37 






0.30 


1 


+0.39 


<Mo i> 


42 


1.92 


0.03 


0.03 


0.04 


0.10 


2 


+0.29 


<Ru i> 


44 


1.84 


0.22 


0.01 


0.03 


0.05 


6 


+0.56 


<Rhi> 


45 


1.12 


-0.35 


0.13 


0.23 


0.23 


3 


+0.71 


<Pd i> 


46 


1.69 


-0.03 


0.02 


0.03 


0.05 


3 


+0.46 


<Agi> 


47 


1.24 


-0.50 


0.05 


0.07 


0.10 


2 


+0.44 


<Sn i> 


50 


2.00 


-0.40 










-0.22:UL 


<Ba n> 


56 


2.13 


0.21 


0.04 


0.12 


0.12 


8 


+0.26 


<La ii> 


57 


1.14 


-0.73 


0.01 


0.06 


0.06 


36 


+0.32 


<Ce ii> 


58 


1.55 


-0.41 


0.02 


0.12 


0.12 


44 


+0.22 


<Pr ll> 


59 


0.71 


-1.04 


0.01 


0.06 


0.06 


21 


+0.43 


<Nd n> 


60 


1.45 


-0.35 


0.01 


0.08 


0.08 


63 


+0.39 


<Sm ii> 


62 


1.00 


-0.66 


0.01 


0.07 


0.07 


28 


+0.52 


<Eu ii> 


63 


0.51 


-0.86 


0.02 


0.07 


0.07 


16 


+0.80 


<Gd ii> 


64 


1.12 


-0.46 


0.04 


0.14 


0.14 


11 


+0.60 


<Tb ii> 


65 


0.28 


-1.21 


0.03 


0.08 


0.08 


8 


+0.69 


<Dy II> 


66 


1.10 


-0.32 


0.02 


0.07 


0.07 


14 


+0.76 


<Ho II> 


67 


0.51 


-0.97 


0.02 


0.07 


0.07 


8 


+0.70 


<Er II> 


68 


0.93 


-0.48 


0.06 


0.13 


0.13 


4 


+0.77 


<Tm II> 


69 


0.13 


-1.38 


0.02 


0.06 


0.06 


6 


+0.68 


<Yb II> 


70 


1.08 


-0.51 






0.20 


1 


+0.59 


<Lu ii> 


71 


0.12 


-1.40 










+0.66:UL 


<Hf ii> 


72 


0.88 


-0.94 


0.02 


0.04 


0.04 


5 


+0.47 


<Wi> 


74 


0.68 


-0.60 










+0.90:UL 


<Osi> 


76 


1.45 


0.16 


0.04 


0.10 


0.10 


7 


+0.90 


<Ir i> 


77 


1.35 


0.02 


0.09 


0.13 


0.13 


2 


+0.85 


<Pbl> 


82 


1.85 


-0.09 


0.15 


0.21 


0.21 


2 


+0.24 


<Th II> 


90 


0.12 


-1.46 


0.02 


0.05 


0.05 


7 


+0.60 



(^)Xhe abundances of individual ions relative to the scaled solar value: [Fe l/H], [Fc ll/H], or 
[X/<Fe>] for <[Fe/H]> ^ -2.18. Upper limits are denoted :UL. 
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TABLE Al 
IsoTOPic Hyperfine Structure Patterns: -'-^^La 



Wavenumber 
(cm~^) 



A 

(A) 



F 
upper 



Comp. 
F Position 

lower (cm^-'-) 



Comp. 
Position Strength 

(A) 



27549.30 


3628.822 


7.5 


6.5 


0.02310 


-0.003043 


0.22222 


27549.30 


3628.822 


6.5 


6.5 


-0.00840 


0.001106 


0.02618 


27549.30 


3628.822 


6.5 


5.5 


0.01396 


-0.001839 


0.16827 


27549.30 


3628.822 


5.5 


6.5 


-0.03570 


0.004703 


0.00160 


27549.30 


3628.822 


5.5 


5.5 


-0.01334 


0.001757 


0.04196 



Note. — Displayed here is a portion (of the entire electronic ally- avail able table 
of La HFS pattern values) as a guide to the general form and content. 



TABLE A2 




Eu II Energy Levels 




Energy Levels 


J 


(cm-^ 


-) 




This Study(^) 


NIST 




0.000 


0.00 


4 


1669.261 


1669.21 


3 


9923.046 


9923.00 


2 


10081.730 


10081.65 


3 


10312.869 


10312.82 


4 


10643.584 


10643.48 


5 


11128.440 


11128.22 


6 


23774.372 


23774.28 


3 


24207.962 


24207.86 


4 


26172.959 


26172.83 


5 


26838.574 


26838.50 


4 


27104.177 


27104.07 


3 


27256.437 


27256.35 


2 



f^') Accurate to 0.003 cm"^ 



TABLE A3 
IsoTOPic Hyperfine Structure Patterns: ^^^Eu and ^^^Eu Solar System 

Mix 



Wavenumber 
(cm^ ) 



A F F 

(A) upper lower 



Comp. Comp. 

Position Position 

(cm-i) (A) 



Strength 



27104.177 


3688.4183 


5.5 


6.5 


-0.47314 


0.064390 


0.12395 


27104.177 


3688.4183 


5.5 


5.5 


-0.13900 


0.018916 


0.01207 


27104.177 


3688.4183 


5.5 


4.5 


0.14364 


-0.019547 


0.00057 


27104.177 


3688.4183 


4.5 


5.5 


-0.10598 


0.014423 


0.09417 


27104.177 


3688.4183 


4.5 


4.5 


0.17665 


-0.024039 


0.01840 


27104.177 


3688.4183 


4.5 


3.5 


0.40782 


-0.055498 


0.00126 



Note. — Displayed here is a portion (of the entire electronically-available table of 
Eu HFS pattern values) as a guide to the general form and content. 



